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ABSTRACT
The Mont Saint-Hilaire alkaline complex, Québec, is a Cretaceous rift-related intrusion
comprising two gabbroic suites and the East Hill suite, an assemblage of several distinct
nepheline syenites and evolved syenitic rocks.  Whole-rock analysis of the East Hill suite reveals
two fractionation trends, one which is described by the syenitic lithologies and one by the
evolved syenites and syenoids.  A lamprophyric unit stands on its own, geochemically, consistent
with typical lamprophyre petrogenesis. Whole-rock geochemistry of the East Hill suite shows
moderate silica content but highly alkaline rocks, enriched in Mn, Zn, Zr, Y, and Ce.  Chlorine
and sulfur are important and present in abundant secondary sodalite and pervasive microsulfides.
Mineral geochemistry indicates decreasing oxygen fugacity with cooling, and phases
such as titanite (present) and aenigmatite (absent) defined boundaries in
2Of – T space. Oxygen
fugacity data combined with petrography and geothermometry defined an
2Of – T curve for the
East Hill suite magma, revealing that the oxygen fugacity ranged between approximately 10-10
bar at intrusion down to 10-25 bar subsolidus, and that, owing to non-linearity of oxygen buffers,
the
2Of – T path crossed below QFM early, went above QFM late in the crystallization history
and then above HM with cooling.  A similar procedure applied to sulfur fugacity generated a
trend of initial increase from about 10-4 to 10-2 bar followed by decreasing sulfur fugacity with
cooling down to approximately 10-8 bar.  The oxygen trend implies that earlier suggestions that
oxidation of iron drove the evolution of pyroxenes towards aegirine are incorrect.
Textural evidence of abundant alteration and secondary mineralization suggests
subsolidus action of alkaline fluids.  Contrary to previous studies, most sodalite in the East Hill
suite is not primary but is the product of reaction of nepheline with chloride-rich fluids after
crystallization.  Sodalite pseudomorphs continued to react with these fluids, whose chemistry
xxviii
changed with time to silica- then carbonate-rich, resulting in further reactions that led to natrolite
and dawsonite deposition, accompanied by late-stage rhodochrosite.  It is hypothesized that the
silica- and carbonate-rich phase of these fluids caused the decomposition of a melilite
groundmass in the lamprophyre to a natrolite-calcite assemblage.
Keywords: Mont Saint-Hilaire, oxygen fugacity, sulfur fugacity, alkaline fluids, pyroxene trend
1INTRODUCTION
Alkaline plutonic complexes may be broadly defined as single or multiple-associated
igneous intrusions characterized by an overall chemical enrichment in alkaline elements,
especially sodium and potassium.  More particularly, however, alkaline plutonic complexes
exhibit one or more of a suite of distinctive attributes.
Firstly, in addition to their enrichment in alkali metals, the bulk chemistries of many of
these complexes exhibit elevated levels of rare elements such as zirconium, cerium, yttrium, and
niobium.  As a result of their elaborate bulk chemistry, alkaline plutonic complexes typically
host exceptional assemblages of minerals.  Such assemblages may comprise a large number of
mineral species, on the order of several hundred in a single locality,1 perhaps including species
peculiar to the locality.  Also, individual species may have bizarre compositions or unusual trace-
element chemistries.
Secondly, most, though not all, alkaline plutonic complexes are undersaturated in silica.
Not only is free quartz uncommon as a primary mineral, but some lithologies within these
complexes are so silica-poor as to be feldspar-free.
Thirdly, alkaline plutonic complexes tend to be composed of a wide range of
petrologically distinct rock types, even when the complex is quite small in its areal extent (e.g.
<10 km2).
Lastly, these complexes are found nearly exclusively in contemporary or ancient
extensional tectonic settings, in particular those in which full-scale continental rifting is
involved.
1 The coeval Khibina and Lovozero massifs on the Kola peninsula in Russia collectively present over 550 species,
for more than 100 of which the plutons are the type locality. (Arzamastsev et al. 2008)  Mont Saint-Hilaire hosts
over 370. (Back et al. 2006)
2Attracted by these unusual and tantalizing properties, the mineralogical community has
exhaustively studied alkaline plutonic complexes.  The brilliance of this side of alkaline
complexes, however, appears to blind science to the equally important aspects of petrology and
paragenesis.  Less research has been carried out in these areas save for petrological overviews
that characterize the several lithologies of a site, either as a study in and of themselves or, more
commonly, parenthetically to a mineralogical study.2 Additionally, the more common rock-
forming minerals such as the alkali feldspars and the pyroxenes tend to be overlooked.  As a
result, the lithologies of alkaline complexes remain some of the least-understood igneous rocks
in terms of the specific aspects of their tectonic significance, petrogenesis, and mineralogy; Mont
Saint-Hilaire is no exception.
As one of the world’s premier sites for the collection of mineral specimens, the species
mineralogy of Mont Saint-Hilaire has been extensively researched.  Such efforts, however, have
focused on rare or unusual minerals, some known from only a single crystal.  Furthermore, the
search for more mineral species led earlier studies to emphasize the mineralogy of
microenvironments, such as pegmatites or miarolitic cavities.  Consequently, common minerals
are poorly characterized throughout the East Hill suite, the most alkaline suite of lithologies and
the host of most of the exotic minerals, contributing to the lack of a formal petrologic description
of the East Hill suite, not to mention a lesser understanding of the occurrence and characteristics
of rock-forming minerals in alkaline igneous complexes.
This study set out to address this deficit in the knowledge of Mont Saint-Hilaire by
examining the mineralogy and geochemistry of the rock-forming minerals of the East Hill suite,
2 Of a comprehensive sampling of nearly 200 doctoral dissertations & journal articles on Mont Saint-Hilaire, dating
back to 1860, only 31 have been concerned with the petrology or magmatic evolution of the intrusion.  Over 80%
of the sampled studies on Mont Saint-Hilaire strictly regard mineralogy. (Gault Nature Reserve 2007; Canadian
Mineralogist 2009)
3as part of a broader study into the petrology and magmatic evolution of the pluton.  As work
proceeded, it became apparent that understanding the role of volatiles was important to
comprehending the evolution of the East Hill Suite and that their relative influence was both
systematic and evolved systematically over time. In alkaline systems, volatiles play an important
part throughout magmatic evolution—for examples, as components of fenitizing fluids or as
participants in melt complexes.
The evolution of volatiles through the crystallization history of the East Hill Suite was
described by applying mineral geochemistry to establish boundaries on oxygen and sulfur buffer
diagrams and then using accompanying stability fields of relevant mineral species to trace
magmatic evolution through crystallization. In addition to oxygen and sulfur, aqueous fluids
were evidently not only an element in the petrogenesis of the East Hill suite magma but also a
critical aspect of its subsolidus behavior.  Numerous subsolidus reactions were combined with
petrographic data to establish a geochemical evolutionary sequence for these fluids.  Although
this study does not fully address the petrogenesis of the East Hill suite magma or the origin of the
aqueous fluids, it does lay the groundwork for further study and understanding of these issues.
4PREVIOUS WORK
Modern research projects concerning the petrology of Mont Saint-Hilaire commenced
with POULIOT (1962), who traced the thermal history of the Monteregian province using a
comparative study of feldspars. GOLD (1963) examined the relationship between the intrusive
nepheline syenites and the country rock limestone at Mont Oka and Mont Saint-Hilaire.
RAJASEKARAN (1968) focused solely on Mont Saint-Hilaire, producing a petrologic study that
characterized the mineralogy and whole-rock composition of the nepheline syenite.
In a special issue of Canadian Mineralogist devoted to the alkaline rocks of the
Monteregian Province, PHILPOTTS (1970) discussed the emplacement mechanism of the
intrusions; KUMARAPELI (1970) related the time of intrusion to that of rifting, noting that they
were contemporaneous; and CURRIE (1970) speculated about the genetic link between alkaline
magmatism and continental rifting in the Monteregian province.
A lull in research followed until the mid-eighties, at which time CURRIE (1983) and
CURRIE ET AL. (1986) produced studies on the petrology of the Monteregian Hills and the
petrologic suites of Mont Saint-Hilaire, respectively. These studies went farthest towards
understanding the evolution of the East Hill suite, recognizing the presence of a low-oxygen
fugacity environment, but they did not adequately describe the numerous lithologies of the suite.
BÉDARD (1985) investigated magma genesis and differentiation in intrusives across northeastern
North America, and SCHUCKER&FOLAND (1992) elaborated on the subject using lead isotopes.
TICE (1995) and TICE&MARTIN (1996) examined the mineralogy and petrology of a
nepheline-sodalite syenite pegmatite dike, modeled its cooling history, and presented a
mechanism for the formation of banded aplite. Most recently, ZANGOOI (2003) studied
magmatic evolution and alteration of annite.
5GEOLOGIC SETTING
REGIONALGEOLOGY
TECTONOSTRATIGRAPHY
Mont Saint-Hilaire is located approximately 30 km east of Montréal, Québec (Figure 1)
and intruded into the autochthonous platform immediately to the west of the Taconian orogenic
belt.  The autochthonous platform rocks comprise a thick succession of relatively undeformed
Cambrian and Ordovician sedimentary formations that unconformably rest on crystalline
Precambrian basement rocks.  This Grenvillian basement consists of marble and quartzite with
granite and gneiss. (Wilson 1964; St. Julien & Hubert 1975)
The autochthonous platform represents the Taconian transgressive continental shelf
sequence.  In the vicinity of Mont Saint-Hilaire, immediately overlying the Precambrian
basement is the Upper Cambrian Potsdam sandstone, followed upwards by the Lower
Ordovician Beekmantown dolomite, the Middle Ordovician Chazy, Black River, and Trenton
limestones, the Middle and Upper Ordovician Utica shale, and the Upper Ordovician Lorraine
flysch and Richmond shale.  The Lorraine flysch consists primarily of shales, with sandstone in
the earliest units and minor limestone and dolostone throughout (Wilson 1964; St. Julien &
Hubert 1975) and, along with the Richmond shale, directly contacts the Mont Saint-Hilaire
pluton at and near the present surface exposure. (Currie et al. 1986)  The platform succession is
itself unconformably overlain by Quaternary alluvium, varved clays and glacial till. (Wilson
1964; St. Julien & Hubert 1975)
6FIGURE 1 – Tectonostratigraphy of the western extreme of the Québec Appalachians.  Mont Saint-Hilaire is
indicated by the red circle. (after St. Julien & Hubert 1975)
7MONTEREGIAN PROVINCE
During the Mesozoic, extensional tectonics in western New England and southern
Québec resulted in the emplacement of several alkaline plutons and multitudes of dikes.  This
area of alkaline magmatism is collectively referred to as the New England-Québec igneous
province (Figure 2). (McHone & Butler 1984)
FIGURE 2 – Extent of the New England-Québec igneous province.  Mont Saint-Hilaire is indicated by the red circle.
(McHone & McHone 1993)
8The boundaries of the Monteregian province, the Québec portion of the New England-
Québec igneous province, are broadly defined by the Monteregian Hills, a series of about a
dozen fault-controlled plutons (Figure 3), including Mont Saint-Hilaire, which intruded the
autochthonous and allochthonous structures of the Taconian orogenic belt in the St. Lawrence
lowlands during the Cretaceous. (Philpotts 1970)
FIGURE 3 –Map of the Monteregian Hills and the Eastern Townships of Québec.  Mont Saint-Hilaire is the intrusion
labeled “13”. (after Philpotts 1970)
In addition to the regional extensional tectonics, the emplacement of the Monteregian
Hills, in particular, was strongly influenced by the Saint Lawrence rift system (Figure 4), a
massive network of failed rift arms that extends a total of nearly 2,500 km. (Currie 1970)
Although the intrusions are not coeval—magma has intruded the rift system periodically over the
9past 600 Ma—they are interpreted to be broadly genetically related, having been formed through
a combination of upper mantle and crustal partial melting and desilication, generated by the heat
of upwelling mantle material and concomitant circulation of aqueous fluids, and varying degrees
of crustal contamination. (Currie 1970; Eby 1984, 1985a, 1985b & 2006)
FIGURE 4 – The Saint Lawrence rift system.  The Monteregian Hills are the linear trace of filled circles labeled “7”.
(Currie 1970)
Despite their general genetic commonalities, rock types are highly varied—both across
the province and within single intrusions—from tholeiitic to calc-alkaline to alkaline.
(Kumarapeli & Saull 1966; Doig & Barton 1968; Currie 1970; Bédard 1988)  Silica saturation
varies systematically with geography, increasing relatively continuously from west to east, from
undersaturated at the western end of the province to oversaturated at the eastern end.
(Philpotts 1970)
10
Common intrusive rock types in the Monteregian Hills include sodalite and/or nepheline
syenite, essexite, olivine gabbro, and monzonite.  Additionally, several intrusions exhibit the
unique lithologies and bulk chemistries associated with alkaline complexes, among them Mont
Saint-Hilaire, Mont Yamaska, and Mont Oka, the last of which hosts carbonatite ring-dikes.
(Clark 1955; Philpotts 1976; Currie et al. 1986; Gold et al. 1986)
MONT SAINT-HILAIRE – PHYSIOGRAPHY
Differential erosion progressively exposed the Monteregian Hills until the present, at
which time they stand as isolated hills, rising up to hundreds of meters above the flat
surroundings of the Saint Lawrence and Richelieu river valleys (Figure 5). (Philpotts 1970)  In
plan view, Mont Saint-Hilaire is nearly circular and its exposure of intrusive rocks averages
about 2.25 km in diameter; the mountain has a maximum elevation of roughly 420 m (375 m
relief). (O’Neill 1914)  Mont Saint-Hilaire has a rounded and smoothed profile, with a gentle
slope at the top, becoming steeper towards the sides; in places, the walls are nearly vertical.
Arboreal cover is nearly total where the slope is less than about 60º; even on many vertical walls,
there is some vegetation (Figure 6).
The exception to this rule is on the northeast side of the mountain in the property of the
Poudrette Quarry, which is largely devoid of vegetation.  The quarry cuts the side of the pluton
(Figure 7) to a maximum depth of approximately 150 m, offering a unique cross-sectional view
of the lithologies therein.  It is from this quarry that all samples were collected.
11
FIGURE 5 – Mont Saint-Hilaire, viewed from the west.  As with most of the other Monteregian Hills, Mont Saint-
Hilaire rises abruptly from level countryside. (photograph by the author)
FIGURE 6 – The northwest face of Mont Saint-Hilaire. Note the extensive forestation, even on steep, rocky slopes.
(photograph by the author)
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FIGURE 7 – The northeast face of Mont Saint-Hilaire, showing the excavation of the Poudrette quarry as of
July, 1995. (photograph by the author)
MONT SAINT-HILAIRE – GENERALGEOLOGY
The exposed portion of Mont Saint-Hilaire itself is in direct contact with units of the
Upper Ordovician Richmond and Lorraine Groups, which comprise red and grey shales with
interbedded limestone and dolostone. (Wilson 1964; St. Julien & Hubert 1975)  These shales
were baked by the cooling Mont Saint-Hilaire magma to form a biotite-grade hornfels aureole
that extends to roughly 150 m from the contact with the pluton. (Wilson 1964; Currie et al. 1986)
No contact metamorphic effects whatsoever are detectable in the country rock further than 2 km
from the contact. (Yang & Hesse 1991)
Interpretation of crystallization sequence-based pressure constraints by GREENWOOD&
EDGAR (1984) suggests that the Mont Saint-Hilaire pluton emplaced at a depth of 3.5 to 8 km.
The pluton is the result of a series of three intrusive events (Figure 8).  Each batch of magma was
of a distinct bulk composition, resulting in three main petrologic suites:  1) East Hill, 2) Pain de
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Sucre, and 3) Sunrise. (Currie et al. 1986)  The East Hill suite exhibits the greatest degree of
chemical evolution and is the most alkaline of the three suites; it is the focus of this study.
FIGURE 8 – Geologic map of Mont Saint-Hilaire.  The light-shaded polygonal area on the north-northeast side of the
mountain indicates the extent of the excavation of the Poudrette quarry as of March, 2009. (after
Currie 1983)
MONT SAINT-HILAIRE – AGERELATIONSHIPS
The relative ages of the intrusive events are disputed. CURRIE ET AL. (1986) report
134 ± 6 Ma for the Sunrise suite, 120 ± 3 Ma for the Pain de Sucre suite, and 123 ± 12 Ma for
the East Hill suite, all by fission-track analysis performed on apatite and titanite.  This
relationship is supported by field observations, but overlap due to analytical uncertainty makes a
definitive separation difficult.
In contrast, GILBERT&FOLAND (1986) suggest a much shorter (0.5 Ma) intrusion history,
based on 40Ar/39Ar dates from biotite.  These dates span the range of 124.1 to 124.6  1.3 Ma,
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which is at least partially consistent with the findings of CURRIE ET AL. (1986).  Older ages
determined from 40Ar/39Ar dating on amphibole were found to be due to excess 40Ar.
It is difficult to come to a clear conclusion about the total elapsed time of intrusion.
CURRIE (1983) suggested an intrusion history of 5-10 Ma.  Considering the concordance,
however, between 40Ar/39Ar biotite dates and the overlap due to error in the fission track dates,
the intrusion may have been complete in as little as 1 Ma.  Based on the data of CURRIE ET AL.
(1986), the intrusive sequence is Sunrise → East Hill/Pain de Sucre.
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ANALYTICAL METHODS
SCANNINGELECTRONMICROSCOPY
BACKGROUND
The scanning electron microscope (SEM) was used for physical examination of
microscopic crystals, preliminary phase identification (via energy-dispersive X-ray
spectroscopy) prior to use of the microprobe, examination of microscopic phase relations,
qualitative chemical analyses, and energy-dispersive X-ray mapping of polished sections.  SEM
analyses were carried out at the University of New Orleans using an AMRAY 1820 Scanning
Electron Microscope.
SAMPLE PREPARATION
Samples for cursory or preliminary mineral identification were examined without
substantial preparation.  The material was chipped off of the master specimen using either
needlepoint tweezers or a small screwdriver and hammer.  The sample was then fixed to an
aluminum SEM mount using graphite adhesive and coated with an aerosol mist of
2-butoxyethanol.  This has proven to be a highly effective alternative to carbon and gold coating
for short-term SEM work (Alexander U. Falster, pers. comm.).
Samples for X-ray map generation, for examination prior to electron microprobe analysis,
or for imaging of zonation or similar features were prepared as polished mounts.
OPERATING CONDITIONS
For general specimen examination and imaging, acceleration potential was set at 15 kV,
saturation voltage was varied automatically as needed, and a 300 or 400 μm final aperture was in
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place.  Mineral identification was aided by the use of a Kevex Quantum EDS array.  For such
work, acceleration potential was set at 15 kV (25 kV to generate X-rays for Nb, Mo, Pb, Sr, Th,
U, Y & Zr; 10 kV for Na), and a 400 μm final aperture was in place.  To maximize detector
efficiency, samples were tilted at an angle of 30º.  Patterns were resolved and peaks labeled
using an enhanced, PC-resident software package.
X-RAYDIFFRACTOMETRY
BACKGROUND
X-ray diffractometry (XRD) was employed to confirm or determine the identity of
various mineral phases; this technique was used on fragments and single crystals of individual
minerals, as well as on fine-grained, polymineralic masses for which physical separation of
phases was impractical.  XRD analyses were carried out at the University of New Orleans using
a Scintag XDS 2000 automated X-ray diffractometer.
OPERATING CONDITIONS
An X-ray tube emitting CuK radiation was used at a potential of 40 kV and a current of
20 mA.  The scan range was from 2 to 70 degrees-2, with a scan increment of 0.02 or 0.04
degrees-2 and with a dwell time of 1 or 3 to 6 seconds, respectively.  Diffraction patterns were
processed through the resident software package, which includes a DMS algorithm for
smoothing (three to five point smoothing being employed).  Patterns were analyzed using the
system-resident library and identification program for preliminary identification and were
checked versus JCPDS standard reference manuals and cards for verification of results.
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UNITCELLMEASUREMENT
Unit-cell dimensions of amphibole group minerals were measured using the XRD.  For
such examinations, the scan increment was set to 0.005 degrees-2 with a dwell time of 2
seconds.  Output was processed using CELL refinement software.
ANALYSIS OF FELDSPAR STRUCTURAL STATES
Structural states of alkali feldspar samples were determined using the method of WRIGHT
(1968).  Such measurements used a scan increment of 0.005 or 0.02 degrees-2 with a dwell time
of 2 or 3 seconds, respectively.
ELECTRONMICROPROBEANALYSIS
BACKGROUND
The electron microprobe (EMP) was used for obtaining quantitative chemical analyses of
individual mineral phases and for wavelength-dispersive X-ray mapping.  Analyses were done at
the University of New Orleans using an ARL SEMQ automated electron microprobe.  The
microprobe is outfitted with nine wavelength-dispersive X-ray detectors, consisting of six fixed
and three tunable detectors.  An integral SEM permitted enhanced examination of specimens
prior to analysis.
OPERATING CONDITIONS&STANDARDS
Acceleration potential was set to 20 kV (25 kV for Ba, Hf, Mo, Nb, Sr, Ta, Th, W, Y, Zr
& REE), with a sample current of 30 nA (measured on brass) and a 2 μm spot size.  The
following materials [accompanied by the symbol(s) and X-ray line(s) for the relevant element(s)]
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were used as standards:  sodalite (NaK1,2), albite (NaK1,2; AlK1,2), adularia (KK1,2),
clinopyroxene (CaK1,2; FeK1; SiK1,2), synthetic SrSO4 (SrL1), synthetic BaSO4 (BaL1),
synthetic YPO4 (YL1), synthetic TiO2 (TiK1,2), synthetic ZrO2 (ZrL1), synthetic HfO2
(HfL1), synthetic YNbO4 (NbL1), microlite (TaL1), synthetic CaMoO4 (MoL1), synthetic
CaWO4 (WM1), rhodonite (MnK1), fayalite (FeK1), synthetic ZnO (ZnK1), fluorite
(FK1,2), apatite (PK1,2), labradorite (An50) (CaK1,2; AlK1,2), sillimanite (AlK1,2), synthetic
MgO (MgK1,2), synthetic V2O5 (VK1), synthetic ThO2 (ThM1), wollastonite (CaK1,2),
hematite (FeK1), synthetic Cr2O3 (CrK1), dolomite (MgK1,2), calcite (CaK1,2),
rhodochrosite (MnK1), synthetic LaPO4 (LaL1), synthetic CePO4 (CeL1), synthetic PrPO4
(PrL1), synthetic NdPO4 (NdL1), synthetic SmPO4 (SmL1), synthetic GdPO4 (GdL1),
synthetic DyPO4 (DyL1), synthetic ErPO4 (ErL1), synthetic YbPO4 (YbL1), synthetic Gd-Sc-
Y oxide (ScK1), quartz (SiK1,2), and willemite (ZnK1).  Output was processed using an
integral enhanced software package to effect ZAF corrections.
FERRIC IRON ESTIMATION
Ferric iron content of amphibole and mica group minerals was estimated by the
colorimetric method of WILSON (1960). In several of the lithologies, amphibole and mica are
present as minuscule crystals or are intimately intergrown with other phases, complicating
mineral separation. To mitigate the effects of possible contamination, the amphibole
ferric/ferrous ratio was estimated for the entire East Hill suite from calcic and sodic-calcic
amphibole extracted from the nepheline melasyenite, and the mica ratio was estimated for the
suite from annite taken from the annite lamprophyre.  This approach sacrificed lithology-specific
ferric-ferrous ratios, but eliminated inaccuracies due to contamination.
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Mineral separates were crushed, then dissolved in 50% HF/H2SO4 solution.  Ferric iron
was determined by titration of mineral solutions with ammonium metavanadate, with 2,2′-
dipyridyl as an indicator.  Ferrous iron in solution participates in a redox reaction with
pentavalent vanadium, oxidizing to ferric iron as the vanadium reduces to V4+. The titration end-
point is observed by the disappearance of the violet color of the ferrous-dipyridyl complex.
Ferrous-ferric ratios were taken as the average of analyses of three individual samples of mica
and of each of the two amphibole groups.
X-RAY FLUORESCENCE
BACKGROUND
X-ray fluorescence (XRF) analysis was used for quantitative chemical analysis of whole
rock samples.  Analyses were conducted at the Inorganic Analysis Laboratory of the Coordinated
Instrumentation Facility (CIF) at Tulane University using a Spectro X-lab automated energy-
dispersive XRF (EDXRF) unit.  The instrument is precalibrated from approximately 200
standards, but supplementary standards (q.v.) may be run as samples in order to improve
analytical precision.  Following sample loading, all aspects of instrument operation are
computer-controlled.  Based on the elements to be analyzed, the computer selects the best
secondary or polarizing target(s) in order to optimize detector sensitivity.  Available targets
include Mo, B4C, Al2O3, Co, Cd, Pd & Sm.  Based on target selection, tube potential is set
between 25-60 kV.  Current is automatically and continuously modulated from a starting value
of 20 mA, in order to maximize sensitivity and to achieve dead time of approximately 50%.  The
system computer uses a suite of inter-element correction schemes to process instrument output.
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SAMPLE PREPARATION
Samples were prepared for analysis by fragmenting hand specimens into 0.5 cm pieces
using a sledge hammer; whenever sample quantities permitted, at least 1 kg of bulk rock was
used to provide a representative sampling.  Hand specimens were wrapped in eight layers of
28 μm-thick polyethylene sheet to minimize contamination.  Sample fragments for both major-
and trace-element samples were then reduced to a fine powder using a Spex shatterbox and
tungsten-carbide-lined mill.  The mill was precontaminated with a small quantity of sample for
five minutes.  Remaining fragments for each sample were processed in approximately 100 g
batches for ten to twenty minutes; all batches were thoroughly mixed to homogenize the sample.
Prior to final preparation for analysis, powders were dried at 110ºC for twelve hours to remove
adsorbed water.
The analytical samples were prepared by the author at the CIF, using 4.0000 g (±0.0400
g) of sample mixed with 0.9000 g (±0.0300 g) of Hoechst Micropowder Wax C as a binder.  This
mixture was weighed into a lidded polystyrene canister, blended with a spatula, and two acrylic
agitator balls were placed in the canister.  The canisters were then closed and run in a Retsch
MM2000 mixer at 20 rpm for three minutes, in order to homogenize the mixture.  Homogenized
samples were transferred to polystyrene weighing boats, gently stirred, and then poured into a
32 mm-diameter stainless steel Graseby-Specac #3300 die assembly with tungsten carbide plates.
Samples were compressed in a Graseby-Specac T-40 Autopress at 12 tons of force for fifteen
seconds; the pellet was then ready for analysis.
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STANDARDS
A suite of international environmental reference materials was used for raw data
correction.  BHVO-1, JR-2, and SY-3 were used for major element correction.  Trace element
corrections were made with SY-3, except for Cs, which employed JR-2.
OPTICALMICROSCOPY
BACKGROUND
Optical microscopes were used for detailed specimen examination and to confirm
preliminary mineral identifications made in the SEM.  All optical microscopy was done at the
University of New Orleans.  For hand specimen investigation, an Olympus SZ 60 binocular
microscope was used.  Examination of thin sections was done on an Olympus BX 60
petrographic microscope, outfitted with a reflected light module.
PHOTOMICROSCOPY
Photomicrographs were taken as documentary evidence, as well as to illustrate
mineralogical features in samples.  Both digital and traditional photomicrographs were made.
An Olympus SZ 60 binocular microscope was used for hand specimens, and an Olympus BX 60
petrographic microscope was used for thin sections.  Digital photomicrographs were taken using
a Sony CCD-IRIS color digital video camera and were processed using an ATI All-In-Wonder
128 digital video interface unit and Multimedia Center v.6.3 software.  Traditional
photomicrographs were taken with an Olympus PM 20 automatic photomicrographic system,
using Kodak Gold 100 35 mm film.
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MONT SAINT-HILAIRE – PETROLOGY
OVERVIEW
SUNRISE SUITE
The Sunrise suite is characterized by laminated, medium-grained melagabbro, pyroxenite,
and perknite. CURRIE (1983) ascribes a cumulate origin to the suite.  Amphibole, calcic
plagioclase, and clinopyroxene are common phases. (Currie et al. 1986)
PAIN DE SUCRE SUITE
The Pain de Sucre suite intruded as a large ring dike.  It is composed of nepheline-olivine
gabbro, monzonite, and diorite, with occasional essexite.  Glomerocrysts of mafic minerals are
typically seen in this suite.  These clots are usually composed of amphibole, pyroxene, and
biotite; however, they can also contain magnetite, ilmenite, and olivine. (Currie et al. 1986)
EASTHILL SUITE
Observations in the Poudrette Quarry show that the East Hill suite is composed of at least
eleven primary igneous lithologies (Table 1), belonging to three lithologic groups:  1) host rock,
2) feldspathoidal and rare-element syenites, and 3) dikes, pegmatites, and various syenoids.
Trapped within members of these three groups are xenoliths of country rock, primarily
limestones and shales. The host rock of the East Hill suite is a nepheline melasyenite that
encloses numerous decimeter- to dekameter-scale leucosyenite masses (Figures 9 & 14). Most
such masses are a nepheline leucosyenite but may consist of one or more of the four alkaline
feldspathoidal and rare-element syenites of the second group and, consequently, may exhibit a
variety of grain sizes, mineralogies, and textures.  The nepheline melasyenite both concordantly
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TABLE 1 – Primary igneous lithologies of the East Hill suite exposed in the Poudrette quarry.
Group 1: Host Rock Group 2: Feldspathoidal & Rare-
Element Syenites
Group 3: Dikes, Pegmatites &
Various Syenoids
1) nepheline melasyenite
(malignite)
1) nepheline leucosyenite
(litchfieldite)
a) Type 1
b) Type 2
c) Type 3
1) feldspar-aegirine dikes
2) annite lamprophyre (alnøite)
3) pegmatites
2) eudialyte syenite (khibinite) 4) various syenoids
5) perthite syenite (perthosite)
6) pyroxenite (aegirinite)
The italicized names given in parentheses reflect earlier terms—more specific but currently out of
favor—for each rock type.
FIGURE 9 – Feldspathoidal leucosyenite in the wall of the Poudrette quarry.  The leucosyenite mass is approximately
50 meters tall. (photograph by the author)
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and discordantly encloses the leucosyenite masses (Figure 10) suggesting localized in situ
differentiation accompanied by distal fracturing and injection; fractured nepheline melasyenite is
characteristically brecciated.  Nepheline melasyenite at discordant contacts exhibits a reaction
rim; whereas concordant contacts do not.
The fine-grained host rock of the East Hill suite and its leucosyenite bodies are
prominently crosscut by dozens of centimeter- to meter-scale dikes (Figure 11).  These dikes are
primarily of one of two types.  Those of the first type are substantially more abundant and are
nearly entirely composed of very coarse-grained (in some cases pegmatitic) alkali feldspar and
aegirine (Figure 12); single crystals commonly span the width of the dike.  Those of the second
type are of a syenitic and an alkaline to peralkaline bulk composition.  Several dikes of this type,
especially those that are decimeter-scale, contain an aplitic core, and many of those that attain
larger sizes develop pegmatitic textures (Figure 13).
Apart from the dike rocks of the East Hill suite, the dispositions of the members of the
third group of lithologies cannot, by and large, be so neatly collectively described; as they are
petrologically diverse, so, too, are their modes of occurrence.  They either occur discordantly
with respect to the host rock, clearly following fracture surfaces, as in the case of the feldspar-
aegirine dikes, many of the pegmatites, and, presumably, the annite lamprophyre; or they are
simply highly fractionated segregations or phases of a more ordinary lithology, as in the case of
the various syenoids, the pyroxenite, the remainder of the pegmatites, and, perhaps, the perthite
syenite.
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FIGURE 10 – Leucosyenite in nepheline melasyenite, showing brecciation, as well as concordant and discordant
enclosure. (photograph by the author)
FIGURE 11 – Dikes crosscutting nepheline melasyenite in the Poudrette quarry. (photograph by the author)
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FIGURE 12 – Feldspar-aegirine dikes cross-cutting nepheline melasyenite.  Note the range of modalities represented
by the three dikes. (photograph by the author)
FIGURE 13 – Microcline crystals in wall zone of eudialyte-bearing pegmatite dike. (photograph by the author)
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FIGURE 14–Panoramic view of the Poudrette quarry, July 1995.  The field of view represents approximately 800 m of continuous wall expos ure, wrapping
around an excavation approximately 500 m wide.  The maximum depth pictured is approximately 150 m.  The dark rock that constitutes the
majority of the visible material is nepheline melasyenite.  Note the presence of numerous leucos yenit emasse s of various sizes; the large mass
from
FIGURE 9 is visible on the quarry wall to the upper left of the drainage pond on the le ft side of the photograph.  An especially large
leucosyenite body is visible as a bench on the floor of the quarry at the center of the photograph.  Also, note the numerous large -scale dikes
crosscutting the melasyenite and the leucos yenit emasse s. (photog raph by the author)
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EASTHILL SUITE – PETROGRAPHICDESCRIPTIONS
INTRODUCTION
The classification of alkaline igneous rocks presents unique challenges, not the least of
which is the great variety of unusual constituent minerals and combinations in which they may
occur.  Crystallization in alkaline rocks is particularly sensitive to geochemical and thermal
conditions, and alkaline magmas appear to exhibit high degrees of chemical heterogeneity,
resulting in especially variable modalities within a single lithology and the abundant
development of microenvironments that may deviate substantially in their bulk chemistry or
modality from that of the lithology as a whole.  As a result, the process of classifying an alkaline
rock requires some flexibility and perspicacity.  In many cases, a classification is made based on
the grounds of sufficient similarity to a type specimen rather than fitting major mineral
proportions (e.g. quartz versus feldspar) to hard mathematical boundaries, as in classifying calc-
alkaline rocks.  Such a technique may seem disorderly, if not downright sloppy, but this lack of
hard boundaries allows for the inclusion of interesting and meaningful mineralogical variations
while still maintaining the fundamental petrologic significance of the rock type.
A second problem, which can arise in any system, but that can be particularly noisome to
alkaline petrologists is that of alteration and replacement mineralization.  Such events can change
a rock so that it appears, in its current state, to belong to a different formal classification than it
would originally have represented (cf. Type 2 nepheline leucosyenite (q.v.) & sodalite syenite
sensu stricto).  Therefore, something should also be said regarding the state of being of the rock
being classified:  the pristine rock (if the mineralogy of which can be deduced) or the rock that
results from the later action of heat and fluids.  This work classifies each rock type based on the
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original material (to the extent that it is possible to reconstruct the pristine mineralogy), due to
the fact that this best preserves the fundamental petrologic meaning of each rock type.
One last consideration that seems particularly to have beset Mont Saint-Hilaire is a lack
of general agreement on a systematic and formal petrologic nomenclature of the pluton,
especially the East Hill suite.  For example, HORVÁTH&GAULT (1990) refer to “nepheline
syenite” to mean the melanocratic rock that hosts the other lithologies of the East Hill suite and
to “sodalite syenite” to mean the leucocratic rock that hosts many of the pegmatites. CURRIE ET
AL. (1986) catalogue mineral occurrences in the East Hill suite without referring them to a
particular lithology; although, with familiarity thereof, the rock type may be deduced from the
described associations.  Presumably, their “coarse-grained nepheline-sodalite syenite” equals the
“sodalite syenite” of HORVÁTH&GAULT (1990), and their “fine-grained nepheline syenite”
equals “nepheline syenite”. GILBERT& FOLAND (1986) limit their lithologic descriptors for the
entire suite to “nepheline syenite” and “nepheline syenite breccia”.
This review of nomenclature is not intended to impugn any of these studies, as each is
rightly a classic of Mont Saint-Hilaire geology, and the petrologic descriptions put forward by
each are not incorrect. A problem, however, is that, unlike the petrologic descriptions from, for
example, Ilímaussaq, which are consistent from paper to paper (e.g. Ferguson 1964; Engell 1972;
Marks & Markl 2001), at the East Hill suite, one person’s “nepheline syenite” may not be
another’s. Also, even without falling victim to the temptation to play on subtle and interesting
accessory mineral variations to classify alkaline rocks ad infinitum, there is more meaningful
petrologic variety in the East Hill suite than is intimated by the aforementioned classifications.
Perhaps it is presumptuous to take this to task, but this project endeavors to categorize formally
the lithologies of the East Hill suite, based on the criteria discussed above.  For the sake of
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continuity, when possible, each of the following lithologies is referred to its presumed equivalent
in HORVÁTH&GAULT (1990), as that paper is probably the most common reference for placing a
mineral from Mont Saint-Hilaire into a petrologic context.
GROUP 1: HOSTROCK
Nepheline Melasyenite
Nepheline melasyenite is the most abundant rock type in the East Hill suite.  Barring
those dikes and pegmatites that crosscut it, the nepheline melasyenite concordantly encloses all
of the other lithologies in the East Hill suite. This lithology is probably equivalent to the
“nepheline syenite” from HORVÁTH&GAULT (1990).
The nepheline melasyenite is porphyritic, with mm-scale phenocrysts of light grey
orthoclase and black hastingsite. Cryptoperthitic orthoclase phenocrysts are euhedral, overgrown
by secondary albite, and constitute approximately 10% of the volume of the syenite; phenocrysts
of hastingsite are subhedral, blocky prisms and also constitute about 10% of the modality.
The groundmass is hypidiomorphic with an average grain size of 0.1 to 2.0 mm.  Crystals
are randomly oriented and, aside from mafic stringers (q.v.), evenly distributed.  Major3 minerals
in the groundmass include lightly albitized euhedral to subhedral cryptoperthitic orthoclase,
anhedral interstitial albite, euhedral nepheline, and subhedral to euhedral augite and aegirine-
augite, with minor corroded titanaugite, mantled or replaced by taramite or kaersutite, all
together comprising approximately 70% of the modality of the rock.  Winding through the
groundmass are mm-scale mafic stringers consisting of ropy aggregates of aegirine-augite with
trace to minor annite, fluorapatite, hastingsite, magnetite, pyrite, and titanite.
3 Major minerals comprise 10.0% or more of the modality of a rock; minor minerals comprise between 1.0-10.0%
of the modality of a rock; trace minerals comprise between 0.1-1.0% of the modality of a rock; and rare minerals
comprise either less than 0.1% of the modality of a rock or were found as only one or two crystals.
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Other minor minerals include natrolite and sodalite (mainly secondary but some primary).
Other trace minerals include cancrinite, fluorite, ferro-edenite, ferrorichterite, and katophorite.
Calciohilairite, galena, ilmenite, låvenite, sphalerite, and thorianite are present as rare minerals.
The nepheline melasyenite bears certain significant similarities to the leucogabbro and
the kaersutite-biotite gabbro of the Pain de Sucre and the Sunrise suites. Like the nepheline
melasyenite, the groundmass minerals of the leucogabbro are mostly randomly oriented,
although towards the center of the suite the grain size of the leucogabbro increases, and it
becomes foliated. The leucogabbro is the only nepheline-bearing gabbro at Mont Saint-Hilaire.
Feldspars are primarily plagioclase (an45-55), with overgrowths of secondary orthoclase or
cryptoperthite.  Mafic minerals include olivine (fo25-55), clinopyroxene replaced and overgrown
by kaersutite, magnetite, and biotite, which occurs as isolated crystals and as overgrowths on
magnetite.  Apatite is also present as an accessory phase. (Greenwood & Edgar 1984) The chief
mineralogical differences between the leucogabbro and the nepheline melasyenite are the
presence in the leucogabbro of olivine and calcic plagioclase, neither of which are present in the
nepheline melasyenite.  The leucogabbro also bears a higher modality of feldspar and a lower
modality of clinopyroxene and amphibole.  Apart from these distinctions, the nepheline
melasyenite and the leucogabbro are mineralogically and modally quite similar.
The kaersutite-biotite gabbro displays foliation resulting from the disposition of its
plagioclase and kaersutite phenocrysts. It is comparable to the leucogabbro in overall
mineralogy, but it exhibits differences in modality.  The kaersutite-biotite gabbro is nepheline-
free and contains less feldspar, clinopyroxene, and magnetite than the leucogabbro; it is richer in
kaersutite and biotite. Clinopyroxene is replaced and overgrown by kaersutite, but biotite has
overgrown the remainder of the mafic phases. (Greenwood & Edgar 1984) Mineralogically, the
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nepheline melasyenite contains nepheline, whereas the kaersutite-biotite gabbro does not. The
kaersutite-biotite gabbro contains olivine and calcic plagioclase, but the nepheline melasyenite
does not. Modally, the kaersutite-biotite gabbro contains more feldspar and less clinopyroxene
than the nepheline melasyenite, but about the same amount of amphibole. Once again, these
differences aside, the nepheline melasyenite and the kaersutite-biotite gabbro exhibit striking
similarities.
Collection sites for the nepheline melasyenite were well within the boundaries of the East
Hill suite (Figure 8), so nepheline melasyenite samples in this study are certainly neither
leucogabbro nor kaersutite-biotite gabbro.  Nevertheless, the remarkable textural and
mineralogical similarity between the gabbros and the nepheline melasyenite suggests a certain
degree of continuity between the Pain de Sucre and Sunrise suites and the East Hill suite.
The nepheline melasyenite is also comparable to mafic syenites from other alkaline
complexes. The Coldwell alkaline complex, in Ontario, contains two series of augite syenite
consisting primarily of alkali feldspar, fayalite (fa83-93), augite to aegirine-augite (depending on
the series), titanomagnetite, and amphibole (again, depending on the series, ranging from
hastingsite through edenite or from katophorite through ferrorichterite).  Notably, aenigmatite,
quartz, and zircon are present as late-stage phases. (Mitchell & Platt 1978)
Similar examples are augite syenites from Ilímaussaq and North Qôroq, which again
represent some of the earliest magmatic activity in their complexes.  These augite syenites
comprise cryptoperthitic alkali feldspar, ±fayalite, augite, hastingsite, ±biotite, titanite,
titanomagnetite, and apatite, with minor nepheline or quartz.  Zircon, baddeleyite, pyrite, and
pyrrhotite may be present as trace phases. (Marks & Markl 2001; Coulson 2003)
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GROUP 2: FELDSPATHOIDAL&RARE-ELEMENT SYENITES
Nepheline Leucosyenite
Nepheline leucosyenite is the second most common lithology by volume in the East Hill
suite.  A cursory glance across the walls and benches of the quarry reveals numerous massive
(dekameter-scale) leucosyenite bodies within the nepheline melasyenite host rock.  The bulk of
the material within these masses is nepheline leucosyenite.  The nepheline leucosyenite occurs in
three types.  Each of the three types differs obviously from the others in terms of its appearance
in hand specimen.  All three, however, are very similar texturally and mineralogically, differing
meaningfully only in terms of their minor and trace mineralogies and, strikingly, in terms of the
color of the sodalite occurring in each. The nepheline leucosyenite is probably analogous to the
“sodalite syenite” of HORVÁTH&GAULT (1990).
All three types of nepheline leucosyenite are coarse-grained nepheline syenites, which
have an average of over 90%—in some samples, close to 100%—of their nepheline replaced by
sodalite.4 The sodalite pseudomorphs occur primarily as euhedral, hexagonal prismatic
phenocrysts that occur in a nearly idiomorphic potassium feldspar and albite groundmass.
Portions of all three nepheline leucosyenites exhibit a poikilitic texture, characterized by
idiomorphic alkali feldspar and nepheline enclosed by clots of mafic minerals, for example
aegirine or arfvedsonite; the reverse of their normal textural relationship.5 These mafic clots
may reach several centimeters in diameter and lend a striking appearance to the rock, both due to
their size and contrast, as well as to the unexpected textural and paragenetic relationship that they
4 Owing to the ubiquity in these rock types of sodalite pseudomorphs after nepheline, it is perhaps more proper to
refer to these lithologies as pseudonepheline leucosyenites, in a similar vein as pseudoleucite syenite, in which
phenocrystic leucite has been replaced by pseudomorphs consisting of an intergrowth of potassium feldspar and
nepheline (Williams 1891; Larsen & Buie 1938); however, “nepheline leucosyenite” should suffice for the sake of
simplicity without sacrificing too much accuracy.
5 This is due to reversals in the order of melting temperatures that result both from shifts from calc-alkaline to
alkaline compositions and from elevated pressure. (Yoder & Tilley 1962)  Many examples of alkaline rocks that
exhibit this poikilitic texture exhibit synneusis textures, as well.
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exhibit. Mineralogically and texturally, the nepheline leucosyenites are very similar to naujaite,
such as is found at Ilímaussaq (Nielsen & Steenfelt 1979), although in naujaite sensu stricto,
alkali feldspar is one of the enclosing phases.
Type 1 nepheline leucosyenite is the most abundant variety.  It is characterized by
colorless to pale grey sodalite pseudomorphs after nepheline that represent approximately 65%
of the modality.  The groundmass consists of, in terms of modal percentages, about 25%
cryptoperthitic microcline and 5% albite.
Aegirine and natrolite are present as minor minerals.  Trace minerals include
arfvedsonite, manganoan pectolite-sérandite, and pyrite.  Rare minerals include alabandite,
arsenopyrite, fluorapatite, fluorite, kupletskite, and sphalerite.  In addition, an unidentified Na-
zirconosilicate and two different Ca-Ce phosphates are also present as rare phases.
Type 2 nepheline leucosyenite is the second most abundant kind.  It is characterized by
mm-scale, pale bluish grey to deep ultramarine blue sodalite pseudomorphs after nepheline that
represent about 65% of the volume of the rock.  Regions of deep blue sodalite pseudomorphs
suggest veins and patches, rather than a uniform or random distribution.  All of the sodalite
pseudomorphs are set in a groundmass of, in terms of modal percentages, approximately 10%
cryptoperthitic microcline and 15% albite.
Minor minerals include calcite, dawsonite, natrolite, and siderite.  Trace minerals include
aegirine, almandine, nepheline (as the hearts of sodalite pseudomorphs that resisted alteration),
pyrite, sphalerite, and zircon.  Fluorapatite, galena, halite (in a ruptured fluid inclusion),
molybdenite, pyrochlore, and rutile are present as rare minerals.  In addition, an unidentified
Ca-REE carbonate and possible synchysite-(Ce) and thorogummite are present as rare phases.
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Type 3 nepheline leucosyenite has only been found as a few centimeter-scale hand
specimens.  It is characterized by the presence of the hackmanite variety of sodalite. Hackmanite
exhibits tenebrescence or reversible photochromism, the ability of minerals to change color when
exposed to sunlight.6 The brilliant reddish-purple visible on freshly exposed surfaces fades
within minutes to pale dove grey.  After several days under fluorescent light or in darkness, the
color returns as a dull purple.  Due to the faded grey color of exposed sodalite in this type of
nepheline syenite, specimens thereof may be mistaken in the field for Type 1 nepheline
leucosyenite, unless they are broken to expose new surfaces that feature colored hackmanite.
The Type 3 nepheline leucosyenite should not be confused with “tawite” (Horváth &
Gault 1990), which consists primarily of hackmanite, with small amounts of clinopyroxene,
eudialyte, ussingite, and villiaumite, to name just a few of the more common accessory phases.
“Tawite” occurs as centimeter-scale xenoliths that exhibit reaction textures with the nepheline
melasyenite that hosts them.  In contrast, the Type 3 nepheline leucosyenite displays the same
smooth margin with the nepheline melasyenite as the other leucosyenites.
The Type 3 nepheline leucosyenite is the most mineralogically diverse of the three
varieties in the East Hill suite.  Sodalite pseudomorphs after nepheline make up about 45% of the
volume of the rock.  Unlike the sodalite pseudomorphs in the other two leucosyenites, those in
the Type 3 leucosyenite vary in appearance based on their immediate accessory phases.  Sodalite
pseudomorphs associated with glomerocrysts of clinopyroxene are colorless, and appear to be
6 LEE (1936), in his investigation of reversible photosensitivity in hackmanite, refers to VREDENBURG (1904), who,
though writing nearly 100 years after the discovery of hackmanite, expressed its properties far more eloquently than
the original authors, “Moreover, some of the sodalite exhibits an extraordinary phenomenon hitherto unrecorded in
any mineral.  While some of the specimens are of a bright blue color similar to that of the mineral from many other
localities, others appear under ordinary conditions transparent and colourless.  But some of these colourless
fragments when kept in the dark for a fortnight or three weeks assume a pink color which disappears rapidly on
exposure to bright daylight, and almost instantaneously in direct sunshine.  The phenomenon is particularly brilliant
when the rock is first broken in the field, and the large blocks of elæolite (some of which are over a yard wide)
appear, on fracture, as if suffused with blood.”
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sodalite sensu stricto; whereas those that occur in the absence of clinopyroxene exhibit a variety
of colors typical of the hackmanite variety of sodalite:  pink, magenta, fuchsia, and purple.
Sodalite sensu stricto pseudomorphs in the Type 3 leucosyenite occur as mm-scale, euhedral
hexagonal prisms.  Some pseudomorphs of hackmanite, however, are also present as anhedral
grains and colloform growths.
Glomerocrysts of dark green aegirine and aegirine-augite are prominent in the Type 3
leucosyenite, comprising about 30% of the modality.  The groundmass consists of 15% albitized
cryptoperthitic microcline and 5% albite.  Natrolite is also present as a minor species replacing
sodalite.  Sérandite is present as a trace mineral.  Rare minerals include barite, böhmite,
calcioancylite-(Ce), calcite, cancrinite, fluorapatite, fluorite, kupletskite, molybdenite,
pyrochlore, sphalerite, and thorianite.  In addition, an unidentified Ca-zirconosilicate, a Ca-Ce
carbonate, and a Ca-Ce phosphate are present as rare phases.
Eudialyte Syenite
The eudialyte syenite has the same mode of occurrence as the nepheline leucosyenites.  It
is a coarse-grained, idiomorphic leucosyenite characterized by the presence of abundant crystals
of aegirine and less common, but visually striking, crystals of eudialyte group minerals.  The
eudialyte syenite contains about 45% microperthitic microcline by volume, with approximately
equal proportions of blackish-green needles of aegirine and stubby, prismatic dark grey
pseudomorphs of sodalite after nepheline, with interstitial euhedral beige natrolite that all
together account for about 50% of the modality. No rock type resembling the eudialyte syenite
is mentioned by HORVÁTH&GAULT (1990).
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Anhedral, gemmy, yellowish- to reddish-brown eudialyte group minerals and anhedral
pinkish-peach sérandite occur as minor minerals.  Trace minerals include albite, catapleiite,
fluorite, kupletskite, and, enclosed in aluminosilicate minerals, chalcopyrite, covellite, galena,
pyrite, and sphalerite.  Rare minerals include acanthite, analcime, ancylite-(Ce), apatite,
calcioancylite-(Ce), calcite, fluorapatite, gaidonnayite, hochelagaite, pyrochlore, and
thorogummite.
GROUP 3: DIKES, PEGMATITES&VARIOUS SYENOIDS
Feldspar-Aegirine Dikes
Feldspar-aegirine dikes are a prominent feature of the East Hill suite.  They are cm-scale
in thickness but extend for tens of meters, discordantly cross-cutting other lithologies in the suite.
The feldspar-aegirine dikes are coarse-grained, nearly pegmatitic in many cases.  They nearly
entirely consist of approximately equal proportions of albitized cryptoperthitic microcline and
aegirine, which together occupy about 95% of the volume of the rock.  Crystals of both species
occur as tapering, prismatic crystals, either singly or in tightly packed sheaves; some crystals of
aegirine exhibit an intrafascicular texture.  Crystals are oriented primarily perpendicular to the
walls of the dike, although deformation due to shearing is visible in some dikes.  Albite is
present as a major mineral as irregular zones in albitized cryptoperthitic microcline; however, it
also occurs as euhedral inclusions therein.
Trace minerals include ancylite-(Ce), annite, calcite, natrolite, pyrochlore, and
pyrophanite.  Rare minerals include aegirine-augite, galena, hematite, and zircon. Feldspar-
aegirine dikes are not mentioned specifically by HORVÁTH&GAULT (1990), although they
mention segments of pegmatite dikes, dominated by microcline and aegirine, that narrow to a
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few centimeters in width.  It seems likely that HORVÁTH&GAULT (1990) are simply referring to
portions of larger pegmatites, as they correctly describe pegmatite dikes in the East Hill suite as
not uncommonly changing width between cm- and m-scales, whereas the feldspar-aegirine dikes
maintain their width over tens of meters of length.
Annite Lamprophyre
The annite lamprophyre is nearly the rarest rock type in the East Hill Suite.  Its mode of
occurrence is a matter of debate, as no samples from this study were found in situ.  The small
sizes of specimens that have been found (<15 cm in maximum dimension), smaller than those of
any other rock type, implies that the original mass was of limited extent in one or, perhaps, two
dimensions, thus suggesting occurrence as a dike or a pipe.  This contention is supported by
independent field observations of a similar annite- and petarasite-bearing rock—believed to be
the same lithology—that occurred as a small (ca. 5 m diameter) sheet-like pod. (László Horváth,
pers. comm.) The annite lamprophyre is not described by HORVÁTH&GAULT (1990).
In hand specimen, the annite lamprophyre has the general appearance of a glimmerite,
but closer examination reveals that more fine distinctions may be made.  It is an exceedingly
melanocratic rock, with abundant dark brown-green to black annite phenocrysts set in a variously
mauve, tan, and cream-colored groundmass.  Equant books of annite to 5 mm diameter constitute
about 65% of the modality of the rock.  All of the annite crystals are euhedral, contributing
(along with apatite, q.v.) to the idiomorphic texture of the rock.
The groundmass minerals are difficult to differentiate in hand specimen, as they are fine-
grained and similar in color to one another.  In thin section, a second phenocryst phase is
revealed, as it is seen that fluorapatite, which makes up about 10% of the modality of the rock,
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also occurs exclusively as euhedral crystals set into the groundmass.  The groundmass itself
makes up approximately 15% of the annite lamprophyre, and consists of fibrous natrolite
embedded with subhedral to euhedral rhombs of calcite.
The balance of the annite lamprophyre consists of accessory minerals appearing
interstitially to the annite and apatite but still texturally superior to the groundmass.  Aegirine is
present as a minor mineral.  Trace minerals include gaidonnayite, hilairite, petarasite, pyrochlore,
enclosed by annite and surrounded by pleochroic haloes, and sphalerite.  Rare minerals include
aegirine-augite, böhmite, calcioancylite-(Ce), galena, pyrite, rhodochrosite, riebeckite, sodalite,
and possible baddeleyite, rhabdophane, and synchysite-(Ce).
The presumed mode of occurrence, combined with textural and mineralogical
considerations (q.v.) leads to the general classification of this rock as a type of lamprophyre, in
particular as alnøite.  It should be said that based on the immediate evidence, it is only an alnøite
inasmuch as it is a feldspar-free lamprophyre with annite as the dominant mafic mineral.  It does
not, in its present state, have the requisite melilite groundmass to be categorized as an alnøite
sensu stricto.  It does, however, have a natrolite/calcite groundmass, which may be theoretically
achieved by the decomposition of melilite in the presence of sodium ions and carbon dioxide.
This leads to two possibilities.  First, this rock may represent a new type of lamprophyre, or
second, this rock may have at one time been a true alnøite, only now having been altered to some
different modality.  In any case, specificity has been sacrificed for the sake of accuracy, and this
rock is classified as an annite lamprophyre.
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Pegmatites & Various Syenoids
The pegmatites and various syenoids represent the multitude of microenvironments and
extremities of magmatic evolution that pervade the East Hill suite.  Within the context of this
work, they cannot be categorically and practically described on an individual basis in terms of
their mineralogy due to their great numbers, immense variety, and mineralogical complexity.
Moreover, it would be contrary to the purpose of this study to discuss the minutiæ of Mont Saint-
Hilaire mineralogy.  That having been said, owing to certain similarities between the two groups,
some general observations may be made.
The pegmatites of the East Hill suite belong, in general, to two families:  1) those that are
mineralogically similar to one of the major lithologies of the East Hill suite but whose magma
evolved, or was influenced, chemically to the point that pegmatitic crystallization dynamics
became dominant and 2) those that represent some highly-evolved, late-stage magma.
Pegmatites of both varieties may be either discordant—typically occurring as dikes, up to meter-
scale in thickness and tens of meters in extent, abruptly transitioning to the intruded lithology at
their margins—or concordant—as cm- to dm-scale segregations or phases of their parental
lithology that texturally grade gently into the latter.  Discordant pegmatites appear to be more
abundant than those that are concordant.
No pegmatites with the general composition or mineralogy of the nepheline melasyenite
were observed nor have any been reported.  Pegmatites with compositions that approximate the
eudialyte syenite and some of the various syenoids are most abundant, although some that
exhibit aspects of the nepheline leucosyenite have been observed.  Although they do not boast
the flamboyant zonation or mineralization of larger pegmatites, most of the feldspar-aegirine
dikes are pegmatitic in texture.
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The various syenoids exhibit distinctive textures and minerals that are much more
abundant than in the major lithologies.  Some typical features of the various syenoids are
abundant mm- to cm-scale miaroles, felty masses of aegirine and astrophyllite group minerals,
segregation of minerals into irregular, nearly-monomineralic, cm-scale domains, and euhedral
miarolitic analcime and catapleiite.  Also, numerous samples of syenoids exhibit one of two
characteristic mineral associations:  eudialyte-fluorite-astrophyllite or sodalite-aegirine-
catapleiite.
Perthite Syenite
As with the annite lamprophyre, the perthite syenite is exceedingly uncommon, only a
very few small samples were found, and no samples were found in situ.  The perthite syenite is a
very coarse-grained, perthitic leucosyenite.  About 90% of the volume of the rock consists of
heavily albitized perthite; unlike most of the other lithologies in the East Hill suite, the perthite
syenite contains no nepheline.  Titanian biotite is present as a minor mineral.  Trace minerals
include aegirine-augite and fluorapatite.  Fluorite and wollastonite are present as rare minerals.
The perthite syenite is not mentioned by HORVÁTH&GAULT (1990).
Pyroxenite
Only one example of pyroxenite was observed in the East Hill suite, and no samples were
collected, due to the inaccessibility of the occurrence.  The pyroxenite was found as an irregular
ellipsoidal pod, measuring about 25 cm along its major axis and about 15 cm along its minor
axis, enclosed by the nepheline melasyenite.  It consisted almost entirely of tapering, prismatic,
radially disposed crystals of aegirine, up to about 10 cm in length and 1 cm in width. HORVÁTH
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&GAULT (1990) mention pyroxenite parenthetically in the context of xenoliths, but they do not
describe pyroxenite as an evolutionary product of the East Hill suite magma.
Xenoliths
Xenoliths of country rock limestone and siltstone, as well as of brecciated fragments of
the Sunrise and Pain de Sucre suites (Greenwood & Edgar 1984; Horváth & Gault 1990), are
enclosed by the igneous rock of the East Hill suite. Samples of a limestone xenolith were
collected in the course of this study.  The xenolith is bright white, fine-grained, and chalky.  It
consists mainly of calcite with laths of tremolite. Samples of a silicate xenolith were also
collected.  The silicate xenolith is aphanitic and dark greenish grey, almost greenish black.  It
does not resemble any other rock type at Mont Saint-Hilaire, either from the East Hill suite or
from the Pain de Sucre or Sunrise suites.
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EASTHILL SUITE –WHOLE-ROCKGEOCHEMISTRY
ALTERATION&WHOLE-ROCKGEOCHEMISTRY
Introduction
As was the case with petrographic descriptions, the condition of the rock in question is a
serious consideration of whole-rock geochemical interpretation.  Is the rock in its original,
pristine state, or has it been subjected to alteration and secondary mineralization?  Many of the
lithologies of the East Hill suite exhibit such signs, most prominently and extensively in the
forms of albitization and nepheline altering to sodalite.
Naturally, whole-rock geochemistry reveals a blend of pre- and post-alteration chemistry;
some elements are mobilized, whereas others remain relatively immobile; some minerals resist
alteration by a particular fluid but are easily altered by others.  Both bulk chemistries are
important.  Post-alteration chemistry, by way of comparison with petrography and contrast with
pre-alteration chemistry, reveals a great deal about the chemical and physical properties of the
altering fluids.  Similarly, the divination of pre-alteration chemistry is crucial to realistic
interpretation of petrogenesis and parental magmas.
Estimation of Pre-Alteration Chemistry
Pre-alteration chemistries were estimated for several lithologies in the East Hill suite by
using electron microprobe mineral analyses and modal mineralogy derived from petrographic
examination of a given lithology.  Since many significant trace elements are either carried by
trace or rare minerals or are simply not analyzed in certain major or minor minerals, estimates
were strictly applied to major element geochemistry.
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Petrography only adequately revealed the pre-alteration mineralogy for six lithologies:
nepheline melasyenite, the three types of nepheline leucosyenite, eudialyte syenite, and perthite
syenite.  For each lithology, the major and most abundant minor minerals were selected, to total
between 90 and 100% of the modality.  Then, an average major element mineral composition
was generated from electron microprobe analyses of unaltered specimens of each selected
mineral.  The average mineral compositions were combined with modal percentages from
petrography to create a weighted average whole-rock composition.  The estimates are not
intended to portray precise pre-alteration geochemistries but are meant to indicate trends in
geochemical changes during alteration.
Trace Element Behavior
Even though trace elements were excluded from the estimation process, their presence
cannot be ignored.  Not only are many trace elements significant in terms of establishing tectonic
provenance, they are central to the reconstruction of parental magma compositions and magmatic
differentiation paths. Therefore, the general behavior of trace elements, within the context of
these interpretations, merits some discussion.  Two factors govern the transport of trace
elements:  1) the intrinsic mobility of the element & 2) local re-uptake of mobilized elements in
secondary phases.  The balance between these two factors determines the degree of retention of
each element in the whole rock.  Low mobility elements tend to stay in place, unless fluid flux is
high and there are no suitable secondary phases to trap mobilized atoms.  On the other hand, high
mobility elements may be unable to exit the system if they are quickly incorporated into a
secondary mineral.
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In the most general sense, LILE tend to be relatively more mobile, while HFSE tend to be
relatively less.  All REE and U exhibit small-scale mobility, being mobilized easily but quickly
redeposited in phases such as monazite and apatite.  Rare-earth elements, however, exhibit
variable mobility; LREE tend to be more mobile than HREE. (Floyd 1977; Lev et al. 1998;
Ordóñez-Calderón et al. 2008; Zhao & Zheng 2008)
HUMPHRIS&THOMPSON (1978) examined hydrothermally altered greenschist facies
pillow basalts to characterize trace element mobilities: Sr exhibited leaching without
redeposition; Li, Ba, B, Cu, Fe, Mn, Ni, and Co were mobilized followed by local re-uptake; and
Cr, V, Zr, and Y were not substantially mobilized.
STURCHIO ET AL. (1986) obtained similar results in hydrothermally altered rhyolite.
Alkali and alkaline earth metals, Mn, and U exhibited redistributive mobility, with transport
distances greater than 10-100 m; Al, Sc, Fe, Co, Zr, Hf, Ta, Y, REE, and Th were less mobile,
with transport distances less than 10-100 m.
Differences in observed mobilities between HUMPHRIS&THOMPSON (1978) and
STURCHIO ET AL. (1986) may be attributable to differences in absolute temperature and thermal
gradients in the two systems. (Seewald & Seyfried 1990)  Also, HUMPHRIS&THOMPSON (1978)
were analyzing rock from an active mid-ocean ridge hydrothermal system, whereas STURCHIO ET
AL. (1986) examined rock from a geyser field.  Almost certainly, the basalts of HUMPHRIS&
THOMPSON (1978) were subjected to high-flux, open-system mass transport, whereas there was
likely less fluid flux and more recirculation in the rhyolites of STURCHIO ET AL. (1986).  Redox
conditions are another important factor in the variable mobility of polyvalent individual
transition elements. Iron, notably, becomes less soluble with increasing oxidation. (Seyfried &
Ding 1993; Aiuppa et al. 2000)
46
Observations in the East Hill suite are generally consistent with observations of element
mobility in other localities and rock types.  There is clear evidence of substantial mobility of
certain LILE, in particular Na and K, in the form of albitization and other sodium metasomatism.
On the other hand, although REE may have been mobilized, there is widespread secondary REE
mineralization in miaroles, indicating that if any such mobilization occurred, it likely resulted in
local redistribution.  Furthermore, REE-bearing and -essential minerals are present as matrix
phases in several lithologies.  HFSE-bearing minerals, when altered, exhibit in situ secondary
HFSE mineralization, for example catapleiite pseudomorphs after eudialyte group minerals.
Similarly, and including Fe and Mn, some aegirine-augite and titanaugite crystals are corroded
but immediately mantled by amphibole group minerals of comparable composition.
Overall, then, it appears that only certain LILE exhibit large-scale mobility in the East
Hill suite and that the whole-rock concentrations of most other elements should not differ
substantially from those of the original, pristine lithology.  Therefore, trace element
concentrations should largely be unaffected, and the estimates of pre-alteration whole-rock
geochemistry need only address major elements.  Similarly, the estimates should reflect
reasonable approximations of pristine whole-rock major- and trace element compositions for the
purpose of interpreting tectonic setting and geochemical evolution.
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MAJOR ELEMENTGEOCHEMISTRY
Post-Alteration
Representative whole-rock major element analyses and corresponding CIPW norms are
listed in TABLES 2 through 5. Low totals are due to the presence of hydrous and carbonate
phases. Harker diagrams of major elements are shown in FIGURES 15 through 25.  Most
lithologies in the East Hill suite have basic silica contents, with some rock types edging into
ultrabasic or intermediate ranges.  Of equal importance to low silica content, rocks of the East
Hill suite owe their nepheline-normative and otherwise alkaline mineralogy to their, in some
cases absurdly, high alkali content.
In comparison with mineralogically similar lithologies (i.e. nepheline melasyenite versus
augite syenite or lujavrite) from several other alkaline provinces and complexes, namely Gardar
in Greenland (Jones & Larsen 1985; Upton 1985; Bailey et al. 2001; Khomyakov et al. 2001),
Kola in Russia (Arzamastsev et al. 2001), North Nyasa in Malawi (Eby et al. 1998), and Oslo in
Norway. (Neumann 1980; Andersen & Sørensen 1993), East Hill suite lithologies are
comparable in silica and alumina, variably rich in alkalis, iron, and manganese, generally
moderate in calcium content, and generally low in titanium and magnesium.  The annite
lamprophyre is exceptionally iron-rich but is low in sodium and phosphorus in comparison to
alnøite from Damaraland in Namibia. (LeRoex & Lanyon 1998) Unless noted otherwise,
subsequent comparisons to these complexes are based on the same references.
The Types 1 and 2 nepheline leucosyenite and the perthite syenite, in addition to being
exceptionally alkali-rich, are enriched in Al, both in the context of the East Hill suite and that of
the aforementioned alkaline suites.  This enrichment in alumina partly depresses the relative
silica content of these lithologies.
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TABLE 2 – Representative whole-rock XRF analyses and CIPW norms I – Major Elements
Lithology: NephelineMelasyenite
Type 1
Nepheline
Leucosyenite
Type 2
Nepheline
Leucosyenite
Type 3
Nepheline
Leucosyenite
Sample: MSH-B-8 MSH-B-12 MSH-B-4 MSH-B-10
SiO2 (wt.%) 54.41 47.84 44.52 53.59
TiO2 1.29 0.04 0.04 0.11
Al2O3 19.56 23.00 22.11 19.54
FeO* 5.94 1.30 2.93 3.73
MnO 0.27 0.13 0.20 0.56
MgO 0.97 nd 1.03 nd
CaO 4.50 0.44 0.30 1.87
Na2O 7.10 18.24 20.03 13.57
K2O 3.43 2.69 3.10 3.15
P2O5 0.71 0.08 0.10 0.26
SUM 98.17 93.76 94.36 96.37
qtz (wt.%) – – – –
pl 55.50 18.53 – 28.54
or 20.51 16.72 17.89 19.15
ne 8.73 48.75 54.46 30.83
lct – – 0.94 –
kls – – – –
crn – – – –
di 5.38 0.50 0.71 2.92
opx – – – –
wo – 0.52 – 1.95
ol 0.52 – 2.27 –
aeg – 3.96 8.80 11.11
ks – – – –
ns – 6.96 10.82 3.48
rt – – – –
ilm 2.49 0.08 0.08 0.21
mag 4.84 – – –
hem – – – –
ap 1.67 0.19 0.23 0.63
zrn 0.09 0.10 0.13 0.33
ttn – – – –
py 0.25 0.19 0.06 0.04
hl 0.21 2.44 2.49 0.66
nd = not detected
* Total Fe reported as FeO
Norm calculations based on JOHANNSEN (1931)
Mineral abbreviations for CIPW norms from SIIVOLA & SCHMID (2009), except
(ks) – potassium silicate & (ns) – sodium silicate
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TABLE 3 – Representative whole-rock XRF analyses and CIPW norms II – Major Elements
Lithology: EudialyteSyenite
Eudialyte
Syenite
Feldspar-
Aegirine Dike
Annite
Lamprophyre
Sample: MSH-B-1 MSH-B-2 MSH-B-3 MSH-B-6
SiO2 (wt.%) 55.19 53.37 52.40 33.56
TiO2 0.17 0.12 0.33 0.83
Al2O3 16.94 17.75 12.44 9.60
FeO* 5.02 5.37 9.40 22.13
MnO 1.06 0.66 1.77 2.85
MgO nd nd nd 6.50
CaO 2.10 2.13 1.84 2.20
Na2O 9.46 7.76 7.30 2.82
K2O 3.71 4.15 2.24 6.08
P2O5 0.21 0.10 0.17 0.48
SUM 93.85 91.41 87.89 87.03
qtz (wt.%) – – 0.97 –
pl 38.72 48.23 57.93 –
or 23.22 26.65 14.89 13.66
ne 17.13 13.24 – 9.66
lct – – – 21.59
kls – – – –
crn – – – –
di 3.16 – – 6.98
opx – – – –
wo 2.64 3.88 3.81 –
ol – – – 10.74
aeg 11.94 – 10.04 7.98
ks – – – –
ns – – – –
rt – – – –
ilm 0.34 0.25 0.70 1.80
mag 1.71 3.62 6.99 11.51
hem – 3.34 2.87 13.41
ap 0.51 0.25 0.44 1.27
zrn 0.64 0.61 1.98 1.62
ttn – – – –
py 0.11 0.15 0.08 0.30
hl 0.11 0.04 0.02 0.06
nd = not detected
* Total Fe reported as FeO
Norm calculations based on JOHANNSEN (1931)
Mineral abbreviations for CIPW norms from SIIVOLA & SCHMID (2009), except
(ks) – potassium silicate & (ns) – sodium silicate
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TABLE 4 – Representative whole-rock XRF analyses and CIPW norms III – Major Elements
Lithology: Pegmatite Pegmatite VariousSyenoid
Various
Syenoid
Various
Syenoid
Sample: MSH-B-21 MSH-B-33 MSH-B-23 MSH-B-27 MSH-B-36
SiO2 (wt.%) 55.14 56.94 55.26 55.99 52.34
TiO2 0.19 0.25 0.29 0.68 0.34
Al2O3 17.90 16.61 10.86 19.46 7.20
FeO* 5.19 5.24 9.70 4.38 13.25
MnO 0.77 0.69 0.95 0.21 1.14
MgO nd nd 3.22 nd nd
CaO 0.79 0.89 0.86 2.00 4.87
Na2O 7.01 6.72 13.31 7.11 5.94
K2O 5.32 5.49 1.25 3.92 3.86
P2O5 0.06 0.39 0.23 0.27 0.39
SUM 92.37 93.22 95.32 94.03 89.25
qtz (wt.%) – – – – 3.84
pl 47.96 51.70 34.80 64.79 21.46
or 33.80 34.57 7.56 24.47 25.00
ne 9.53 3.67 11.84 2.33 –
lct – – – – –
kls – – – – –
crn – – – 1.01 –
di – – 2.25 – –
opx – – – – –
wo 0.84 0.87 – – 9.98
ol – – 5.20 – –
aeg – 0.82 31.30 – 29.20
ks – – – – –
ns – – 4.75 – –
rt – – – 0.32 –
ilm 0.38 0.51 0.61 0.77 0.76
mag 2.92 2.16 – – 5.11
hem 3.88 4.12 – 4.87 2.11
ap 0.14 0.97 0.58 0.65 1.04
zrn 0.73 0.48 0.34 0.13 1.95
ttn – – – – –
py 0.06 0.11 0.19 0.17 0.19
hl 0.02 0.15 0.49 0.47 0.09
nd = not detected
* Total Fe reported as FeO
Norm calculations based on JOHANNSEN (1931)
Mineral abbreviations for CIPW norms from SIIVOLA & SCHMID (2009), except
(ks) – potassium silicate & (ns) – sodium silicate
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TABLE 5 – Representative whole-rock XRF analyses and CIPW norms IV – Major Elements
Lithology: PerthiteSyenite
Limestone
Xenolith
Silicate
Xenolith
Sample: MSH-B-9 MSH-B-16 MSH-B-51
SiO2 (wt.%) 44.00 17.38 52.50
TiO2 0.20 0.02 0.56
Al2O3 22.05 nd 11.01
FeO* 5.50 0.19 9.99
MnO 0.38 0.03 0.20
MgO 1.22 nd 10.29
CaO 0.68 49.96 9.18
Na2O 16.82 nd 3.06
K2O 3.01 nd 0.11
P2O5 0.20 0.18 0.11
TOTAL 94.07 67.75 97.01
qtz (wt.%) – –
pl – 43.16
or 11.93 0.65
ne 54.65 –
lct 5.19 –
kls – –
crn – –
di 1.72 24.29
opx – 24.22
wo – –
ol 2.29 6.33
aeg 17.53 –
ks – –
ns 2.29 –
rt – –
ilm 0.40 1.10
mag – –
hem – –
ap 0.49 0.25
zrn 0.19 –
ttn – –
py 0.08 –
hl 2.27 –
nd = not detected
* Total Fe reported as FeO
Norm calculations based on JOHANNSEN (1931)
Mineral abbreviations for CIPW norms from SIIVOLA &
SCHMID (2009), except (ks) – potassium silicate &
(ns) – sodium silicate
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Iron content is variably moderate to high; Fe/Mn ratios range from 4.74 to 22.36. Iron
concentrations in the syenitic rocks of the East Hill suite are similar to those found in the Gardar
province and in the Khibina-Lovozero complexes (Arzamastsev et al. 2001) but are somewhat
lower than those in North Nyasa and notably higher than the range found in the Oslo graben.
The annite lamprophyre and certain syenoids contain more iron than the more iron-rich
lithologies in all four compared provinces, and the annite lamprophyre contains about double the
iron of the Damaraland alnøites.
Manganese is elevated overall, running in line with Gardar, Khibina-Lovozero, North
Nyasa and Oslo for the nepheline melasyenite and the Types 1 and 2 nepheline leucosyenite, but
2 to 5 times higher than those provinces in the more evolved syenites, pegmatites, and syenoids.
Magnesium is low to absent, consistent with Gardar, Khibina-Lovozero, and Oslo.  The
North Nyasa province rocks are enriched with 2 to 3 times the magnesium of the East Hill suite
and the other three provinces.
Overall, calcium contents are comparable to or lower than those found in Gardar and
Oslo and are comparable to those of the Khibina-Lovozero complexes, but they are 2 to 3 times
lower than those of the North Nyasa complexes.  Interestingly, though, calcium content runs
somewhat high in some lithologies, contrary to the perception that sodium and calcium
somewhat mutually exclude one another in alkaline systems; there is more to the story than
aegirine-augite.  The nepheline melasyenite runs particularly high in calcium, leaning towards a
gabbroic affinity and higher than any reported rock type from Gardar, Khibina-Lovozero, or
Oslo and higher than any syenitic rock from North Nyasa.
Potassium content is generally lower than that in Gardar, Khibina-Lovozero, and Oslo but
on par with that of North Nyasa.  Sodium content is comparable to that of Gardar, North Nyasa,
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and Oslo but lower than that of Khibina-Lovozero in the nepheline melasyenite, eudialyte
syenite, feldspar-aegirine dikes, and certain pegmatites and syenoids.  In several other
lithologies, however, it is high to tremendous, especially in the nepheline leucosyenites, the bulk
of which run near 20 wt.% Na2O, and the perthite syenite.  The annite lamprophyre is low in
sodium, containing less than half the sodium of the Damaraland alnøites.
Phosphorus is present in similar concentrations to those found in Gardar, Khibina-
Lovozero, North Nyasa, and Oslo, even in the nepheline melasyenite and the annite
lamprophyre, which are P-rich lithologies in the East Hill suite.  The annite lamprophyre,
however, contains less than half the P found in the Damaraland alnøites.
The limestone xenolith is a strict calc-silicate rock, having picked up little to no major
element content other than silica.
The silicate xenolith is wholly unlike the primary igneous lithologies of the East Hill
suite.  It is basaltic in composition, with more titanium, substantially more iron, magnesium, and
calcium, and substantially less sodium and potassium than most of the East Hill suite lithologies.
CIPW norms generally point to an alkali-rich bulk composition for the East Hill suite,
with a preponderance of silica-undersaturated lithologies and some exceptionally high sodium
contents. Lithologies of the East Hill suite are generally nepheline-normative; however, the
feldspar-aegirine dikes and one of the various syenoids are quartz normative, indicating positive
fluctuations in silica availability late in the crystallization history.  Another of the various
syenoids, in addition to being nepheline-normative, contains normative corundum.  The
nepheline leucosyenites, one of the various syenoids, and the perthite syenite show normative
sodium silicate.  Several rock types calculate to normative olivine, although no olivine is present
in the East Hill suite; this reflects the presence of iron-rich phases, unaccounted for by the
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normative species.  Similarly, the entire East Hill suite exhibits varying amounts of normative
ilmenite, magnetite, hematite, and pyrite.  Normative zircon is ubiquitous.
Plots of the major element whole-rock compositions of the East Hill suite lithologies
reveal two prominent compositional trends, as well as a notable outlier or two.  The syenitic
lithologies (nepheline melasyenite, nepheline leucosyenites, and perthite syenite) largely follow
horizontal to subhorizontal compositional trends that, with respect to the syenoid lithologies
(eudialyte syenite, feldspar-aegirine dikes, pegmatites, and various syenoids), reflect generally
lower contents of TiO2, FeO*, MnO, MgO, and CaO and higher contents of Al2O3 and Na2O;
average K2O and P2O5 contents are roughly even between the two populations but are slightly
lower in the syenitic lithologies.
The exception to the syenitic trend is the departure of the nepheline melasyenite in
FIGURES 15, 21, and 25, in which the nepheline melasyenite plots substantially higher than the
other syenitic lithologies, as well as the syenoid lithologies, in terms of its TiO2, CaO, and P2O5
content.  Apatite, titanite, titanian magnetite, and Ca-amphibole in the nepheline melasyenite
account for its deviation in these three elements but its adherence in all other major elements and
the crystallization of these phases in the nepheline melasyenite returns its bulk composition to
the syenitic compositional trends for TiO2, CaO, and P2O5 followed by the other syenitic
lithologies.
In contrast, the syenoid lithologies follow a vertical to subvertical compositional trend,
indicating that they not only did not participate in the same melt fractionation mechanism that
yielded the syenitic lithologies but also that their compositions probably were more strongly
governed by fluid-melt interactions and, more particularly, the later-stage input of elements
released by destabilized complexes.
55
SiO2 (wt.%)
30 35 40 45 50 55 60
TiO
2 (w
t.%
)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Nepheline Melasyenite
Nepheline Leucosyenite (Type)
Eudialyte Syenite
Feldspar-Aegirine Dike
Annite Lamprophyre
Pegmatites
Various Syenoids
Perthite Syenite
2 1
3
FIGURE 15 – Harker diagram for TiO2 (post-alteration).  The dotted line represents the compositional trend of EastHill suite syenites observed by CURRIE ET AL. (1986).  The solid line represents the compositional trend
of syenitic lithologies (nepheline leucosyenites & perthite syenite) from this study.  The dashed line
represents the compositional trend of syenoid lithologies (eudialyte syenite, feldspar-aegirine dikes,
pegmatites & various syenoids) from this study.
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FIGURE 16 – Harker diagram for Al2O3 (post-alteration).  The solid line represents the compositional trend ofsyenitic lithologies (nepheline melasyenite, nepheline leucosyenites & perthite syenite) from this study.
The dashed line represents the compositional trend of syenoid lithologies (eudialyte syenite, feldspar-
aegirine dikes, pegmatites & various syenoids) from this study.
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FIGURE 17 – Harker diagram for total iron expressed as FeO (post-alteration).  The solid line represents the
compositional trend of syenitic lithologies (nepheline melasyenite, nepheline leucosyenites & perthite
syenite) from this study.  The dashed line represents the compositional trend of syenoid lithologies
(eudialyte syenite, feldspar-aegirine dikes, pegmatites & various syenoids) from this study.
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FIGURE 18 – Harker diagram for MnO (post-alteration).  The solid line represents the compositional trend of syenitic
lithologies (nepheline melasyenite, nepheline leucosyenites & perthite syenite) from this study.  The
dashed line represents the compositional trend of syenoid lithologies (eudialyte syenite, feldspar-
aegirine dikes, pegmatites & various syenoids) from this study.
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FIGURE 19 – Harker diagram for MgO (post-alteration).
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FIGURE 20 – Harker diagram for FeO + MnO + MgO (post-alteration).  The dotted line represents the compositional
trend of East Hill suite syenites observed by CURRIE ET AL. (1986).  The solid line represents the
compositional trend of syenitic lithologies (nepheline melasyenite, nepheline leucosyenites & perthite
syenite) from this study.  The dashed line represents the compositional trend of syenoid lithologies
(eudialyte syenite, feldspar-aegirine dikes, pegmatites & various syenoids) from this study.
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FIGURE 21 – Harker diagram for CaO (post-alteration).  The dotted line represents the compositional trend of East
Hill suite syenites observed by CURRIE ET AL. (1986).  The solid line represents the compositional trend
of syenitic lithologies (nepheline leucosyenites & perthite syenite) from this study.  The dashed line
represents the compositional trend of syenoid lithologies (eudialyte syenite, feldspar-aegirine dikes,
pegmatites & various syenoids) from this study.
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FIGURE 22 – Harker diagram for Na2O (post-alteration).  The solid line represents the compositional trend of syeniticlithologies (nepheline melasyenite, nepheline leucosyenites & perthite syenite) from this study.  The
dashed line represents the compositional trend of syenoid lithologies (eudialyte syenite, feldspar-
aegirine dikes, pegmatites & various syenoids) from this study.
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FIGURE 23 – Harker diagram for K2O (post-alteration).  The solid line represents the compositional trend of syeniticlithologies (nepheline melasyenite, nepheline leucosyenites & perthite syenite) from this study.  The
dashed line represents the compositional trend of syenoid lithologies (eudialyte syenite, feldspar-
aegirine dikes, pegmatites & various syenoids) from this study.
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FIGURE 24 – Harker diagram for Na2O + K2O (post-alteration).  The dotted line represents the compositional trend ofEast Hill suite syenites observed by CURRIE ET AL. (1986).  The solid line represents the compositional
trend of syenitic lithologies (nepheline melasyenite, nepheline leucosyenites & perthite syenite) from
this study.  The dashed line represents the compositional trend of syenoid lithologies (eudialyte syenite,
feldspar-aegirine dikes, pegmatites & various syenoids) from this study.
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FIGURE 25 – Harker diagram for P2O5 (post-alteration).  The solid line represents the compositional trend of syeniticlithologies (nepheline leucosyenites & perthite syenite) from this study.  The dashed line represents the
compositional trend of syenoid lithologies (eudialyte syenite, feldspar-aegirine dikes, pegmatites &
various syenoids) from this study.
66
The annite lamprophyre does not lie on either compositional trend, and its bulk
composition lies so far off both that it likely indicates an independent magma.
The syenitic trends mirror those found in East Hill suite nepheline syenites by CURRIE ET
AL. (1986) in terms of their geometry and approximate elemental concentrations. CURRIE ET AL.
(1986), however, included neither the nepheline melasyenite nor the annite lamprophyre in their
analyses, and they did not observe the compositional trend exhibited by the syenoid lithologies.
Pre-Alteration & Comparison
Estimates of pre-alteration whole-rock compositions for the nepheline melasyenite, all
three types of nepheline leucosyenite, the eudialyte syenite, and the perthite syenite are given in
TABLE 6, along with corresponding analyses of post-alteration compositions.  Harker diagrams
including estimates of pre-alteration alkali compositions are shown in FIGURES 26 through 28.
Broad chemical trends mirror those post-alteration; alkalis, iron, and manganese are elevated,
and calcium, titanium, and magnesium are moderate to low in tenor.  Totals for estimated pre-
alteration bulk compositions are generally higher than post-alteration bulk compositions,
suggesting an increase in hydrous or carbonate phases during alteration.
With the exception of alkalis, the nepheline melasyenite, the nepheline leucosyenites, the
eudialyte syenite, and the perthite syenite exhibit no significant differences in major element
content.  On alkali Harker diagrams, compositional trends for syenoid lithologies are essentially
identical, post- and pre-alteration; those of syenitic lithologies are shifted but nearly parallel.
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TABLE 6 – Estimated pre- & analyzed post-alteration whole-rock geochemistries and CIPW norms – Major Elements
Lithology: NephelineMelasyenite
Type 1
Nepheline
Leucosyenite
Type 2
Nepheline
Leucosyenite
Type 3
Nepheline
Leucosyenite
Eudialyte
Syenite
Perthite
Syenite
Sample: MSH-B-8 MSH-B-12 MSH-B-4 MSH-B-10 MSH-B-1 MSH-B-9
(wt.%) Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre- Post-
SiO2 53.00 54.41 46.05 47.84 45.66 44.52 46.74 53.59 54.81 55.19 60.60 44.00
TiO2 0.76 1.29 0.00 0.04 0.02 0.04 0.09 0.11 0.14 0.17 0.27 0.20
Al2O3 14.41 19.56 27.01 23.00 26.44 22.11 19.51 19.54 17.94 16.94 18.73 22.05
FeO* 10.16 5.94 0.53 1.30 1.51 2.93 7.53 3.73 4.51 5.02 2.86 5.50
MnO 0.75 0.27 0.02 0.13 0.08 0.20 0.49 0.56 1.17 1.06 0.15 0.38
MgO 2.91 0.97 0.01 nd 0.05 1.03 0.31 nd 0.19 nd 0.70 1.22
CaO 6.27 4.50 0.08 0.44 0.38 0.30 2.27 1.87 1.29 2.10 0.02 0.68
Na2O 5.62 7.10 13.38 18.24 15.14 20.03 12.69 13.57 6.76 9.46 1.86 16.82
K2O 4.64 3.43 9.38 2.69 6.97 3.10 6.49 3.15 8.32 3.71 14.20 3.01
P2O5 0.71 0.71 0.02 0.08 0.01 0.10 0.02 0.26 0.21 0.21 0.05 0.20
SUM 99.23 98.17 96.47 93.76 96.25 94.36 97.06 96.13 95.33 93.85 99.42 94.07
qtz (wt.%) – – – – – – – – – – – –
pl 27.57 55.50 – 18.53 – – – 28.54 12.31 38.72 4.42 –
or 27.42 20.51 – 16.72 – 17.89 27.02 19.15 51.24 23.22 84.09 11.93
ne 10.81 8.73 48.62 48.75 54.60 54.46 38.53 30.83 19.29 17.13 6.13 54.65
lct – – 39.35 – 33.35 0.94 12.13 – – – – 5.19
kls – – 4.09 – 0.11 – – – – – – –
crn – – – – – – – – – – 0.31 –
di 21.83 5.38 – 0.50 – 0.71 3.91 2.92 2.98 3.16 – 1.72
opx – – – – – – – – – – – –
wo – – – 0.52 – – 3.27 1.95 0.83 2.64 – –
ol 0.85 0.52 0.121 – 0.942 2.27 – – – – 1.22 2.29
aeg – – 1.59 3.96 4.54 8.80 4.83 11.11 9.56 11.94 – 17.53
ks – – – – – – – – – – – –
ns – – 5.97 6.96 6.26 10.82 9.86 3.48 – – – 2.29
rt – – – – – – – – – – – –
ilm 1.44 2.49 – 0.08 0.04 0.08 0.19 0.21 0.28 0.34 0.51 0.40
mag 8.19 4.84 – – – – – – 2.40 1.71 0.01 –
hem – – – – – – – – – – 3.02 –
ap 1.65 1.67 0.05 0.19 0.02 0.23 0.02 0.63 0.51 0.51 0.12 0.49
zrn 0.09 0.09 0.10 0.10 0.13 0.13 0.33 0.33 0.64 0.64 0.19 0.19
ttn – – – – – – – – – – – –
py 0.23 0.25 0.19 0.19 0.06 0.06 0.04 0.04 0.08 0.11 0.08 0.08
hl 0.11 0.21 – 2.44 – 2.49 – 0.66 0.11 0.11 – 2.27
nd = not detected * Total Fe reported as FeO Norm calculations based on JOHANNSEN (1931)
Mineral abbreviations for CIPW norms from SIIVOLA & SCHMID (2009),
except (ks) – potassium silicate & (ns) – sodium silicate
1 – includes 0.10 wt.% normative larnite, 2 – includes 0.58 wt.% normative larnite
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FIGURE 26 – Harker diagram for Na2O (including pre-alteration compositions).  The solid black line represents thecompositional trend of post-alteration syenitic lithologies (nepheline melasyenite, nepheline
leucosyenites & perthite syenite) from this study.  The solid yellow line represents the compositional
trend of pre-alteration syenitic lithologies (nepheline melasyenite, nepheline leucosyenites & perthite
syenite) from this study.  The dashed line represents the compositional trend of post- and pre-alteration
syenoid lithologies (eudialyte syenite, feldspar-aegirine dikes, pegmatites & various syenoids) from this
study.
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FIGURE 27 – Harker diagram for K2O (including pre-alteration compositions).  The solid black line represents thecompositional trend of post-alteration syenitic lithologies (nepheline melasyenite, nepheline
leucosyenites & perthite syenite) from this study.  The solid yellow line represents the compositional
trend of pre-alteration syenitic lithologies (nepheline melasyenite, nepheline leucosyenites & perthite
syenite) from this study.  The dashed line represents the compositional trend of post- and pre-alteration
syenoid lithologies (eudialyte syenite, feldspar-aegirine dikes, pegmatites & various syenoids) from this
study.
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FIGURE 28 – Harker diagram for Na2O + K2O (including pre-alteration compositions).  The dotted line represents thecompositional trend of post-alteration East Hill suite syenites observed by CURRIE ET AL. (1986).  The
solid black line represents the compositional trend of post-alteration syenitic lithologies (nepheline
melasyenite, nepheline leucosyenites & perthite syenite) from this study.  The solid yellow line
represents the compositional trend of pre-alteration syenitic lithologies (nepheline melasyenite,
nepheline leucosyenites & perthite syenite) from this study.  The dashed line represents the
compositional trend of post- and pre-alteration syenoid lithologies (eudialyte syenite, feldspar-aegirine
dikes, pegmatites & various syenoids) from this study.
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The pre-alteration nepheline melasyenite exhibits higher Na2O than post-alteration.  The
pre-alteration Types 1 & 2 nepheline leucosyenites and the eudialyte syenite, however, display
lower Na2O, and the pre-alteration perthite syenite much lower Na2O, than post-alteration.  The
Type 3 nepheline leucosyenite exhibits almost identical Na2O.
The pre-alteration nepheline melasyenite exhibits lower K2O than post-alteration, but the
pre-alteration Types 2 & 3 nepheline leucosyenites display higher, and the pre-alteration Type 1
nepheline leucosyenite, the eudialyte syenite, and the perthite syenite much higher K2O, than
post-alteration.
In spite of these substantial differences, total alkalis are much more consistent between
post- and pre-alteration, in particular for the nepheline leucosyenites, which follow the same
general trend of compositional variation.
Comparison of the post-alteration and pre-alteration whole-rock compositions, reveals
two striking patterns:  1) the large-scale loss of potassium with concomitant gain of sodium and
2) dramatic similarities in the content of the remaining major elements.  This indicates that the
rocks of the East Hill suite interacted with a large quantity of sodium-rich fluid that remobilized
alkalis without substantially affecting the bulk chemistry of other major elements.
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TRACE ELEMENTGEOCHEMISTRY
Overview
Representative whole-rock trace element analyses are listed in TABLES 7 through 10.
Rocks of the East Hill suite are volatile-rich, primarily in chlorine and, less so, in bromine and
sulfur; iodine is almost non-existent.  The bulk of the nepheline leucosyenite and the perthite
syenite contain in excess of 1.0 wt.% Cl, on par with sodalite foyaite from Ilímaussaq
(Ferguson 1970), sodalite-nepheline syenite from North Nyasa (Eby at al. 1998), and highly-
evolved foyaite from Lovozero (Arzamastsev et al. 2001). Most other lithologies contain
hundreds to thousands of ppm Cl, which is comparable to mineralogically-similar lithologies
from Ilímaussaq (Ferguson 1970) and Lovozero (Arzamastsev et al. 2001) but generally higher
than sodalite-absent syenitic rocks from North Nyasa. (Eby at al. 1998)
Br content is, on average, 2 or 3 orders of magnitude less than that of Cl. Both Br and Cl
contents, however, are about 1 to 3 orders of magnitude higher than those of typical volcanic
rocks and 2 to 4 orders of magnitude higher than those of typical plutonic rocks. (Sugiura 1968)
Br/Cl ratios for all rock types range from 6.7  10-3 to 36.9  10-3, with an average of 12.2  10-3.
These ratios are 2 to 3 times higher than observed range for calc-alkaline rocks, both volcanic
and plutonic (Sugiura 1968) and about 10 times higher than the average ratio observed in the
Lovozero alkaline complex. (Kogarko & Gulyayeva 1965) Sodalite, eudialyte group minerals,
and amphiboles are the primary hosts of Cl in the East Hill suite.
Sulfur content is overall higher than would be expected for average granitoid magmas
(~300 ppm), but is consistent with that of ore-bearing granitoids (~1,000 ppm). (Banks 1982;
Poulson & Ohmoto 1990; Poulson et al. 1991)  Also, sulfur contents are consistent with the
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TABLE 7 – Representative whole-rock XRF analyses – Trace Elements I
Lithology: NephelineMelasyenite
Type 1
Nepheline
Leucosyenite
Type 2
Nepheline
Leucosyenite
Type 3
Nepheline
Leucosyenite
Sample: MSH-B-8 MSH-B-12 MSH-B-4 MSH-B-10
Br (ppm) 7.5 155.0 147.0 25.8
Cl 1068.0 12378.6 12743.1 3353.2
I nd 2.3 nd nd
S 1136.0 829.9 257.3 223.0
Co 59.6 22.1 nd nd
Cr nd 1.3 1.4 11.4
Ni nd nd nd 6.4
V 38.7 7.6 nd nd
Ag nd nd nd 0.9
Cd 1.2 nd nd 0.9
Cu 6.4 1.1 2.6 5.1
Hg nd nd nd nd
Pb 15.6 3.7 5.9 32.4
Zn 122.4 145.3 110.4 87.2
As 5.9 9.1 1.9 4.0
Bi 2.2 nd nd nd
Ga 21.6 33.9 28.0 40.4
Ge 13.9 4.7 3.8 4.8
In 0.7 nd nd 0.6
Sb nd 1.1 nd 1.2
Se 1.4 1.4 nd nd
Te nd nd nd nd
Tl nd nd nd nd
Nb 124.3 85.5 136.8 246.2
Ta nd 9.0 nd 10.7
Sn 2.3 4.0 4.5 11.5
Mo nd 6.3 4.7 14.1
W 334.0 206.0 127.0 99.6
Zr 425.7 483.7 652.7 1659.5
Sr 2754.6 82.1 6.9 301.1
Ba 1417.8 95.1 19.5 129.6
Rb 70.4 110.0 122.0 174.8
Cs nd 3.0 3.3 12.7
La 160.6 57.2 147.6 733.1
Ce 304.1 87.2 251.6 1288.9
Th 20.3 25.4 17.2 61.6
U 11.5 6.4 5.4 12.5
Y 41.9 26.0 49.7 139.3
nd = not detected
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TABLE 8 – Representative whole-rock XRF analyses – Trace Elements II
Lithology: EudialyteSyenite
Eudialyte
Syenite
Feldspar-
Aegirine Dike
Annite
Lamprophyre
Sample: MSH-B-1 MSH-B-2 MSH-B-3 MSH-B-6
Br (ppm) 3.6 nd 3.6 nd
Cl 541.3 138.5 97.6 268.9
I nd nd nd nd
S 425.5 606.7 380.3 1200.5
Co 87.6 86.6 nd nd
Cr 19.5 5.1 4.7 nd
Ni 17.7 13.7 26.5 nd
V 42.5 nd 16.1 19.7
Ag nd nd 1.1 2.5
Cd 2.0 1.6 1.2 3.8
Cu 15.6 10.8 38.0 28.1
Hg nd nd nd nd
Pb 97.4 67.5 27.1 924.0
Zn 318.4 346.4 178.5 1216.1
As 6.2 6.4 18.4 nd
Bi 5.1 nd 15.4 15.1
Ga 36.7 38.2 66.6 54.9
Ge 0.8 1.0 27.8 0.7
In nd nd nd nd
Sb 1.9 nd 1.7 2.3
Se nd 2.2 4.2 nd
Te 2.3 nd nd 2.5
Tl nd nd nd nd
Nb 472.1 472.1 869.3 768.7
Ta 26.3 nd nd nd
Sn 16.6 16.5 49.9 14.5
Mo nd nd 4.5 4.5
W 171.0 156.0 206.0 41.0
Zr 3177.7 3028.8 9860.5 8089.3
Sr 661.8 435.1 211.4 172.0
Ba 370.6 197.2 58.6 29.9
Rb 176.6 183.5 136.2 1143.5
Cs 11.5 nd nd 50.6
La 1408.0 581.6 830.6 643.4
Ce 2598.3 1043.4 1500.2 1267.0
Th 373.2 431.0 100.3 59.5
U 38.0 30.2 70.3 19.8
Y 371.6 231.3 311.6 87.6
nd = not detected
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TABLE 9 – Representative whole-rock XRF analyses – Trace Elements III
Lithology: Pegmatite Pegmatite VariousSyenoid
Various
Syenoid
Various
Syenoid
Sample: MSH-B-21 MSH-B-33 MSH-B-23 MSH-B-27 MSH-B-36
Br (ppm) nd 6.2 26.9 18.0 3.7
Cl 125.2 793.6 2495.1 2344.7 490.3
I nd nd nd nd nd
S 258.0 449.1 894.3 756.5 837.9
Co nd 67.4 nd nd nd
Cr 1.7 2.1 nd nd 8.0
Ni 9.0 8.3 8.8 nd 34.5
V nd nd nd 10.7 39.5
Ag nd nd 0.7 nd 1.6
Cd 3.6 nd 4.5 nd 9.9
Cu 10.9 11.2 6.6 3.7 58.0
Hg nd nd nd nd nd
Pb 42.6 79.0 145.0 7.2 74.0
Zn 360.0 374.4 666.5 118.4 429.6
As 7.4 17.4 8.0 5.2 26.3
Bi 4.4 3.7 nd nd 8.7
Ga 43.4 72.1 83.0 20.9 30.6
Ge nd nd 0.8 8.8 1.5
In 0.6 nd nd nd 1.0
Sb 1.6 1.9 1.7 nd 3.4
Se 1.7 2.5 nd nd 3.6
Te 1.4 nd nd nd nd
Tl nd nd nd nd nd
Nb 383.7 827.7 1250.1 172.4 1343.5
Ta 16.6 nd 31.1 18.1 182.0
Sn 23.9 21.5 20.7 4.3 44.1
Mo 5.6 nd nd 11.4 nd
W 88.4 156.0 80.9 235.0 210.0
Zr 3639.1 2374.0 1711.6 639.3 9674.4
Sr 208.4 176.2 85.6 1546.6 1198.8
Ba 164.3 314.9 37.3 1012.7 354.9
Rb 261.4 341.9 60.3 91.7 156.2
Cs nd nd nd nd nd
La 459.3 581.6 135.0 145.4 1397.0
Ce 874.6 1043.4 254.4 220.0 2351.6
Th 118.2 352.8 20.6 21.6 143.7
U 21.6 76.8 8.5 10.7 40.5
Y 132.6 211.9 39.1 41.2 569.9
nd = not detected
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TABLE 10 – Representative whole-rock XRF analyses – Trace Elements IV
Lithology: PerthiteSyenite
Limestone
Xenolith
Silicate
Xenolith
Sample: MSH-B-9 MSH-B-16 MSH-B-51
Br (ppm) 210.0 nd nd
Cl 11621.4 46.3 133.5
I 7.1 nd nd
S 357.7 121.8 224.0
Co nd nd 80.9
Cr nd nd 72.5
Ni 8.1 nd 79.3
V nd nd 259.7
Ag 0.6 nd nd
Cd 1.1 1.9 nd
Cu 3.5 nd 47.1
Hg nd nd nd
Pb 12.8 3.1 nd
Zn 172.9 10.5 55.1
As 6.1 5.4 1.0
Bi 1.9 nd nd
Ga 29.5 nd 12.2
Ge 7.1 nd 3.1
In nd nd nd
Sb nd nd 1.7
Se nd nd nd
Te 1.2 nd nd
Tl nd nd nd
Nb 237.1 4.2 2.0
Ta 21.6 nd nd
Sn 4.4 1.1 nd
Mo 10.2 18.9 nd
W 126.0 29.1 25.7
Zr 937.7 12.4 22.3
Sr 5.9 403.0 188.5
Ba 14.1 52.8 40.5
Rb 145.8 2.2 2.0
Cs nd nd nd
La 268.0 nd nd
Ce 482.5 nd nd
Th 36.6 nd nd
U 8.3 nd nd
Y 53.6 10.0 18.3
nd = not detected
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range exhibited by agpaitic lithologies at Ilímaussaq (Ferguson 1970) and Lovozero
(Arzamastsev et al. 2001)
Co, Cr, Ni, and V are generally scarce in East Hill suite lithologies, though there are
some notably rich exceptions.  Co and V are enriched in the nepheline melasyenite, the most
apparently mafic of the East Hill suite lithologies.  Interestingly, even higher concentrations of
all four elements are present in the eudialyte syenite.  Spikes of different elements occur in the
pegmatites and various syenoids.  Because of its mafic affinity, this element group is predictably
depleted in many felsic East Hill suite lithologies; however, content of these elements is
unexpectedly low in the annite lamprophyre, in which they range from one to two orders of
magnitude lower than those in alnøite from the Namibian Damaraland alkaline igneous
complexes. (LeRoex & Lanyon 1997) The silicate xenolith is enriched in Co, with a
concentration between that of the primitive mantle and average N-MORB (Hofmann 1988), but
its Ni content is disproportionately low, suggesting prior olivine fractionation.
Co content in the richest East Hill suite lithologies is comparable to or even greater than
that of mafic alkaline lithologies from several other localities.  Melteigite, ijolite, and urtite from
Khibina contain approximately 60 ppm Co. (Arzamastsev et al. 1987)  In the Fen alkaline
complex, ijolite, damtjernite (nepheline/alkali feldspar ultramafic lamprophyre), rauhaugite
(ankerite carbonatite), and vipetoite (titanaugite pyroxenite) exhibit Co contents ranging from 25
to 57 ppm. (Mitchell & Brunfelt 1974)  Ijolite from the Magnet Cove alkaline complex contains
between about 20 and 40 ppm Co. (Flohr & Ross 1989)  Eudialyte group minerals seem to
control Co content in felsic lithologies, in particular the eudialyte syenite and certain pegmatites;
the same pattern of relatively high Co in eudialyte-bearing lithologies manifests itself in the
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Lovozero complex. (Arzamastsev et al. 2001)  In the nepheline melasyenite, Co is probably
housed in magnetite.
Cr content is comparable to that of Lovozero nepheline syenites (Arzamastsev et al.
2001), but is lower than that of North Nyasa nepheline syenites (Eby et al. 1998) and foidolites
from Khibina. (Arzamastsev et al. 1987)  Magnet Cove ijolite, however, is less rich in Cr
(Flohr & Ross 1989) than the Cr-rich felsic lithologies in the East Hill suite.  Aegirine appears to
govern Cr content throughout the East Hill suite.
Ni content of the eudialyte syenite, the feldspar-aegirine dikes, and certain syenoids is on
the same order as that of Lovozero nepheline syenites (Arzamastsev et al. 2001) but is higher
than that of the North Nyasa nepheline syenites. (Eby et al. 1998)  In many samples, Ni and Co
are decoupled, one or the other being below detection limits.  When both elements are present,
Ni/Co ratios are much less than unity, in contrast to those of alkali and tholeiitic basalts, in which
ratios are greater than 2. (Taylor et al. 1969) The Ni/Co ratio for the silicate xenolith is close to
1, indicating some differentiation.
V loosely shadows Co in the East Hill suite, being most abundant in the nepheline
melasyenite, the eudialyte syenite, and certain syenoids.  Even at its most abundant, however, V
content is rather low, being far less than in mafic foidolites from Khibina and Magnet Cove
(Arzamastsev et al. 1987; Flohr & Ross 1989) and less even than in nepheline syenites from
North Nyasa and Lovozero. (Eby et al. 1998; Arzamastsev et al. 2001)
Ag, Cd, and Hg are rare in the East Hill suite; the strongest chalcophile enrichments are
in Zn, Pb, and Cu.  The latter three elements are rather highly enriched throughout the suite but
are especially so in the eudialyte syenite, the annite lamprophyre, and several syenoids and
pegmatites. Zn exhibits its highest concentration in the annite lamprophyre, followed by certain
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pegmatites and syenoids and the eudialyte syenite.  Zn enrichment is not an uncommon feature
amongst lamprophyres; ARMSTRONG&BARNETT (2003) reported lamprophyre-hosted zincian
chromite containing up to 9.78 wt.% ZnO.  Nevertheless, the Zn content of the annite
lamprophyre in the East Hill suite is two orders of magnitude higher than that in Damaraland
alnøites. (LeRoex & Lanyon 1997)
Pb follows the same enrichment pattern as Zn. Again, like Zn, the concentration of Pb in
the East Hill suite annite lamprophyre is two orders of magnitude higher than that of Damaraland
alnøites. (LeRoex & Lanyon 1997)
Cu exhibits a different pattern of enrichment than Zn and Pb.  It is most concentrated in
some more mafic syenoids, the feldspar-aegirine dikes, and the eudialyte syenite and least
concentrated in the nepheline mela- and leucosyenites, as well as in the felsic pegmatites and
syenoids. All three elements are concentrated in sulfides.
The East Hill suite contains unremarkable quantities of most analyzed main group
elements, save for As, Ga, and Ge.  Arsenic concentrations do not correlate well with the mafic
or felsic character of the lithology.  Concentrations are, in fact, highest in more mafic pegmatites
and syenoids, the feldspar-aegirine dikes, and, less so, in the eudialyte syenite; however, the As
content of the Type 1 nepheline leucosyenite, which has a highly felsic character, is similarly
elevated and is higher than that of the nepheline melasyenite.  Furthermore, As was not detected
in the annite lamprophyre.
Ga content roughly correlates with the apparent order of crystallization derived from field
relationships; lower in the nepheline mela- and leucosyenites and progressively higher in the
eudialyte syenite, feldspar-aegirine dikes, annite lamprophyre, and the pegmatites and syenoids.
Ge is curiously distributed in the East Hill suite.  Unlike Ga, its content appears to be
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unrelated to degrees of magmatic evolution.  Most analyses of Ge in the East Hill suite fall
within a relatively narrow range.  Concentrations at the lower end of this range are on par with
typical Ge contents of both mafic and felsic calc-alkaline lithologies (Mielke 1979; Schroll
1999); most higher concentrations with the average Ge content of granitic pegmatites. (Schroll
1999)  Two exceptionally rich analyses represent the nepheline melasyenite and the feldspar-
aegirine dikes.  The melasyenite contains slightly more Ge than an average granitic pegmatite;
the dikes, nearly three times as much.
Although the absolute content of Ge of most of the East Hill suite lithologies is
comparable to that of calc-alkaline suites, the molar Ge/Si ratios of the nepheline leucosyenites,
certain syenoids, and the perthite syenite exhibit a strong Ge/Si enrichment.  Molar ratios in
these lithologies range from 7.06 to 13.35 μmol/mol, about 3 to 5 times higher than that of calc-
alkaline rocks; the nepheline melasyenite and the feldspar-aegirine dikes display ratios that are
10 to 20 times higher. (DeArgollo & Schilling 1978; Kurtz et al. 2002)  Conversely, the
eudialyte syenite, the annite lamprophyre, and certain pegmatites and syenoids are depleted in
Ge with respect to calc-alkaline rocks. (Mielke 1979; Schroll 1999)
KURTZ ET AL. (2002) indicate that Ge concentrates in secondary aluminosilicates, while
FRONDEL& ITO (1957) not only describe the remobilization of Ge during alteration but also
point to carbonates as relatively strong Ge hosts. This suggests that Ge/Si ratios in the East Hill
suite might correlate to the degree of subsolidus hydrothermal alteration.  Other possible hosts
for Ge are sulfides (Johan 1988; Melcher et al. 2006), in particular in the East Hill Suite,
chalcopyrite, covellite, sphalerite, and galena, although the relatively low Ge content of the
eudialyte syenite tends to diminish the potential role of sulfides as Ge hosts.
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The East Hill suite is substantially enriched in Zr, less so in Nb and W; Ta, Sn, and Mo
occur sporadically and in small concentrations.  The most Zr-rich lithologies contain over 1 wt.%
ZrO2.  Even though these lithologies are the most Zr-rich, Zr is relatively abundant in most East
Hill suite rock types.  Zr is notably most concentrated in the feldspar-aegirine dikes, certain
syenoids, and the annite lamprophyre, rather than the facial primary candidate, the eudialyte
syenite; although the eudialyte syenite does contains a substantial quantity of Zr. Most of the Zr
outside of the eudialyte syenite is contained by late-stage zirconosilicates, although aegirine in
the feldspar-aegirine dikes is strongly enriched in Zr, accounting for the large Zr presence in a
lithology almost devoid of Zr mineralization.
Nb is most concentrated, by an order of magnitude, in some of the various syenoids,
followed by the feldspar-aegirine dikes and the annite lamprophyre.  The eudialyte syenite also
contains a substantial amount of Nb.  Although eudialyte group minerals are variably enriched in
Nb, most Nb mineralization in the East Hill suite is in the form of oxides, such as pyrochlore, or
late-stage silicates, such as kupletskite.
Sr, Ba, and Rb concentrations each vary by several orders of magnitude between different
lithologies in the East Hill suite; Cs is absent from much of the East Hill suite, never exceeding
50 ppm and showing its strongest presence in potassium feldspar and annite-rich lithologies. Sr
and Ba tend to follow one another, but they are not strongly antipathetic with Rb.  Sr and Ba are
most concentrated in the nepheline melasyenite, certain syenoids, and the eudialyte syenite, in all
of which they reside in Ca-rich phases such as calcic amphiboles, augite, eudialyte, or calcite.
Rb contents are relatively steady through the whole East Hill suite, substituting as it does into
potassium feldspar; however, it is enriched by an order of magnitude in the annite lamprophyre,
due to the large quantity of annite.
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La, Ce, and Y follow one another through the East Hill suite.  The La/Ce ratio is
remarkably constant, ranging from 0.51 to 0.66 with an average of 0.57.  Similarly, the Ce/Y
ratio ranges from 3.35 to 14.47 with an average of 6.59.  The highest contents of REE and Y are
in the later lithologies, the Type 3 nepheline leucosyenite, eudialyte syenite, and certain
syenoids.  Although REE carbonates host come of these elements, clinopyroxene and eudialyte
group minerals are actually more important repositories in terms of their contribution to the total
REE content of the bulk rock.
Th and U concentrations are generally rather low, although they are elevated in many of
the same lithologies as the REE and Y.  Thorianite and thorogummite are not generally important
reservoirs of Th and U in the East Hill suite.  Most substitution of these elements probably
occurs in zirconosilicates.
Geochemical Petrologic Classification
A plot of total alkalis versus silica (Figure 29) defined more formal petrologic
classifications for the East Hill suite lithologies.  Syenitic rock types (nepheline melasyenite,
nepheline leucosyenites, and perthite syenite) range from nepheline monzosyenite to
nephelinolite pre- and post-alteration.  Although field relationships suggest that they are more
evolved, the syenoid rock types (eudialyte syenite, feldspar-aegirine dikes, pegmatites, and
various syenoids) are generally lower in total alkalis, ranging from nepheline monzodiorite
through nepheline monzosyenite (one syenoid bordering on monzonite) just into nepheline
syenite, again pre- and post-alteration.  Most lithologies exhibit at least small shifts in the plotted
chemical parameters but retain close to their pre-alteration total alkali content.
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The perthite syenite, however, not only displayed the largest shift in chemistry, it was the
only rock type to undergo a substantial change in classification, going from a nepheline syenite
composition to a nephelinolitic composition.  The perthite syenite is only nepheline normative; in
terms of modality, the perthite syenite is essentially nepheline-free.  Its high alkali bulk
chemistry is very likely the result of microcrystals of dawsonite or similar high-alkali, low-silica
secondary phases.
The overall geochemical theme of alteration in the East Hill suite is that of sodium gain
and potassium loss.  Plots of sodium and potassium versus silica (Figures 30 & 31), using the
same scaling as the total alkalis plot of FIGURE 29, show that for all six estimated lithologies,
post-alteration sodium content is higher than pre-alteration; however, pre-alteration potassium
content is higher than post-alteration.
These plots also reveal that for most lithologies, sodium is the dominant alkali; only the
eudialyte syenite and the perthite syenite exhibit pre-alteration sodium content subordinate to
potassium.  Both sodium dominance and potassium loss are evident in FIGURE 32, which relates
East Hill suite compositions to the alkali basalt series of MIDDLEMOST (1975).
The aluminosity diagram (Figure 33) of SHAND (1943) indicates that most East Hill suite
lithologies are peralkaline, pre- and post-alteration.  The pre-alteration nepheline melasyenite
and one analysis each of post-alteration eudialyte syenite and pegmatite plot as metaluminous,
and the post-alteration nepheline melasyenite, one of the various syenoids, and the pre-alteration
perthite syenite plot as peraluminous.
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FIGURE 29 – Total alkalis versus silica diagram after WILSON (1989).  Divisions after LEMAITRE (1989) and
nomenclature after STRECKEISEN (1976).  Alkalic/subalkalic border after MIYASHIRO (1978).
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FIGURE 30 – Na2O versus SiO2, scaled as the total alkalis versus silica diagram of WILSON (1989).
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FIGURE 31 – K2O versus SiO2, scaled as the total alkalis versus silica diagram of WILSON (1989).
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FIGURE 32 – K2O versus Na2O, with the alkali basalt series of MIDDLEMOST (1975) superimposed.
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FIGURE 33 – Aluminosity diagram after SHAND (1943).  Ratios calculated from a millication basis.
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Tectonic Setting
Ga/Al Ratios
Even though alumina contents were estimated for pre-alteration bulk compositions,
analyzed post-alteration alumina contents were used for Ga/Al ratios in tectonic setting
diagrams.  No estimates could be made of pre-alteration Ga contents, so the analyzed post-
alteration Ga contents had to be used.  The alumina content can also be viewed as the available
number of Al sites in the constituent minerals.  Since Ga will primarily substitute for Al, as the
number of available Al sites changes, the number of available Ga sites changes at the same rate.
Moreover, changes in Ga/Al ratios are primarily driven by fractionation processes. (Whalen et al.
1987; Weaver et al. 1991; Kochhar 2000)  Therefore, variance in the Ga/Al ratio is not related to
the absolute concentration of alumina.
Tectonic Setting
The lithologies of the East Hill suite primarily plot as A-type granitoids (Figures 34 to
39) according to the several schemes of WHALEN ET AL. (1987).  Exceptions may be seen in plots
of yttrium (Figure 36) and total alkalis over calcium (Figure 38).  In the case of yttrium, the
nepheline melasyenite, the Type 2 nepheline leucosyenite, one of the various syenoids, and the
perthite syenite show an I- and S-type affinity; in that of total alkalis over calcium, the nepheline
melasyenite and the same syenoid show the same affinity.  On the zirconium plot (Figure 35), the
nepheline melasyenite, the Types 1 and 2 nepheline leucosyenite, one of the various syenoids,
and the perthite syenite are verging on an I- and S-type affinity.
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FIGURE 34 – Nb versus Ga/Al tectonic discrimination diagram after Whalen et al. (1987).  Fields indicated by block
letters are for A- and I- & S-type granitoids.
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FIGURE 35 – Zr versus Ga/Al tectonic discrimination diagram after Whalen et al. (1987).  Fields indicated by block
letters are for A- and I- & S-type granitoids.
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FIGURE 36 – Y versus Ga/Al tectonic discrimination diagram after Whalen et al. (1987).  Fields indicated by block
letters are for A- and I- & S-type granitoids.
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FIGURE 37 – Na2O + K2O versus Ga/Al tectonic discrimination diagram after Whalen et al. (1987).  Fields indicatedby block letters are for A- and I- & S-type granitoids.
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FIGURE 38 – (Na2O + K2O)/CaO versus Ga/Al tectonic discrimination diagram after Whalen et al. (1987).  Fieldsindicated by block letters are for A- and I- & S-type granitoids.
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FIGURE 39 – (Na2O + K2O)/CaO versus HFSE tectonic discrimination diagram after Whalen et al. (1987).  Fieldsindicated by block letters are for A-type granitoids, fractionated granite (FG) & orogenic granite
(OGT).
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FIGURE 40 – Nb-Y-Ce tectonic discrimination diagram after Eby (1992).  The two fields indicated by block letters
represent differentiates from a basaltic source (A1) or from subcontinental lithosphere or lower crust(A2).
97
Y + Nb (ppm)
10 100 1000
Rb
 (p
pm
)
0.1
1
10
100
1000
Nepheline Melasyenite
Nepheline Leucosyenite (Type)
Eudialyte Syenite
Feldspar-Aegirine Dike
Annite Lamprophyre
Pegmatites
Various Syenoids
Perthite Syenite
VAG ORG
syn-COLG
WPG
1 2 3
FIGURE 41 – Rb versus Y + Nb tectonic discrimination diagram after Pearce et al. (1984).  Fields indicated by block
letters are for syn-collisional granites (syn-COLG), volcanic arc granite (VAG), within plate granite
(WPG) & orogenic granite (ORG).
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FIGURE 42 – Nb versus Y tectonic discrimination diagram after Pearce et al. (1984).  Fields indicated by block
letters are for syn-collisional granites (syn-COLG), volcanic arc granite (VAG), within plate granite
(WPG) & orogenic granite (ORG).
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All East Hill suite lithologies plot as A1-type granitoids (Figure 40) suggesting
differentiation from a basaltic magma derived from an OIB-like source.  This affinity also rather
strictly suggests a within-plate intrusive environment, as opposed to a post-collisional or post-
orogenic setting. (Eby 1992)
East Hill suite bulk compositions plotted onto the tectonic discrimination diagrams of
PEARCE ET AL. (1984) indicate within-plate affinity, trending into an orogenic affinity, for the plot
of Rb versus Y + Nb (Figure 41) and a strict within-plate affinity in the plot of Nb versus Y
(Figure 42).
Field Relationships Revisited & Differentiation Trends
A rough differentiation and crystallization sequence was worked out based on field
observations of enclosure and cross-cutting relationships: nepheline melasyenite → nepheline
leucosyenite/perthite syenite → eudialyte syenite → pegmatites/syenoids → feldspar-aegirine
dikes, followed separately by the annite lamprophyre.
The nepheline melasyenite is certainly the first lithology to be emplaced in the East Hill
suite; it appears at the margins of the suite and encloses all other major lithologies.  The
nepheline leucosyenites probably crystallized next, as they are directly enclosed by the nepheline
melasyenite.  Exactly which type came first is unclear, although, texturally, the Type 3
leucosyenite appears to represent a transition to a syenoid, thus indicating later crystallization.
The perthite syenite held an uncertain position in the sequence from the outset, due partly
to its peculiar mineralogy and partly to the lack of outcrop exposures, but its broad resemblance
to the nepheline leucosyenites and its low content of rare-element minerals suggests that it holds
a relatively early position in the differentiation sequence.  As with the nepheline leucosyenites, it
100
is unclear from field relationships if the perthite syenite crystallized before, during, or after the
leucosyenites.
The eudialyte syenite clearly followed the nepheline leucosyenites.  In the field, it is
texturally subordinate to the previous lithologies, and mineralogically, it represents a transition
from leucosyenite to rare-element syenite. As a group, the pegmatites and syenoids crystallized
next.  In general, they either exist as apophyses of the nepheline mela- or leucosyenites or the
eudialyte syenite, or they cross-cut one or more of the same.  Nevertheless, some earlier episodes
of pegmatitic or syenoid formation punctuate the crystallization sequence prior both to the
complete solidification of the earlier lithologies, as well as to the main sequence of
pegmatite/syenoid crystallization.
Essentially all of the lithologies are cross-cut by the feldspar-aegirine dikes, although
very few pegmatites are cross-cut by them either due to contemporary emplacement or to the
volumetric dominance of the syenitic lithologies.  The emplacement path of the annite
lamprophyre was not traced in the field, but the disposition of sample locations and the reported
outcrop (László Horváth, pers. comm.) were in the center of the suite, suggesting that its magma
came in last.
The differentiation and crystallization sequence from field relationships was refined using
major and trace element geochemistry (Table 11).  Values for Na, K, Ti, and Al were taken from
the post-alteration whole-rock analyses. The Ga/Al ratios were used as the primary basis for
ordering the lithologies in the crystallization sequence, as the order they suggested neither upset
any known successions based on field observations nor did they clarify an incomplete succession
in a nonsensical fashion.  Ga/Al ratios are well-established as fractionation indicators in a
magmatic system. (Whalen et al. 1987)  Ga is primarily carried by aluminosilicates, and the
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TABLE 11 – Geochemical differentiation trends – East Hill suite
Neph.
Melsy.
Type 2
Leusy.
Perthite
Syenite
Type 1
Leusy.
Type 3
Leusy.
Eudia.
Syenite
Avg.
Peg.
Avg.
Synoid.
Fel-Aeg.
Dikes
Annite
Lamp.
Na/K 1.85 5.77 5.00 6.06 3.85 1.98 1.14 4.19 2.91 0.41
K/Rb 405 211 171 203 150 181 151 243 137 44
Ba/K
(×103) 49.8 0.8 0.6 4.3 5.0 8.9 5.3 15.3 3.1 0.6
Ba/Rb 20.15 0.16 0.10 0.86 0.74 1.59 0.77 4.65 0.43 0.03
Ba/Sr 0.51 2.84 2.41 1.16 0.43 0.51 1.29 0.46 0.28 0.17
Sr/Ca
(×103) 85.6 3.2 1.2 25.9 22.5 36.3 32.3 52.2 16.1 11.0
Ti/Zr 18.16 0.36 1.28 0.51 0.40 0.28 0.47 2.56 0.20 0.61
Ti/Nb 62.2 1.7 5.1 2.9 2.7 1.8 2.4 8.9 2.3 6.5
Zr/Nb 3.4 4.8 4.0 5.7 6.7 6.6 6.2 4.1 11.3 10.5
Ga/Al
(×104) 2.09 2.39 2.53 2.79 3.91 4.08 6.39 7.46 10.12 10.81
Increasing Differentiation
tendency of these phases to preferentially incorporate Al concentrates residual Ga in the melt and
fluids, thus increasing the Ga/Al ratio with increasing differentiation.  In the context of the East
Hill suite, annite may also take up Ga (Černý et al. 1985), contributing to the high Ga content of
the feldspar-, but not zeolite-, free annite lamprophyre.
Ga/Al ratios for the East Hill suite range from 2.09  10-4 to 13.08  10-4.  The Ga/Al
range in the East Hill suite partly overlaps the typical range of Ga/Al ratios for granites
(approximately 1.25 × 10-4 to 5.00 × 10-4), which tend to have much more restricted ranges
within a given differentiation sequence. (Kolbe & Taylor 1966; Černý et al. 1981; Černý et al.
1985)  Higher values of the Ga/Al ratio and more extensive ranges within a single fractionation
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sequence, as are found in the East Hill suite, are characteristic of alkaline suites. (Bowden 1964;
Černý et al. 1985)
Besides magmatic fractionation, complexing is also a factor in late-stage Ga
beneficiation, as its complexes remain stable to low temperature.  Fluoride complexes are
proposed by some investigators (Cotton & Wilkinson 1980; Manning et al. 1980) as important
species in this process, and this is certainly true in systems in which F plays a more prominent
role.  In the East Hill suite, however, it is likely that chloride complexes are more prevalent, and
CHURAKOV (2001) notes that, in the vapor phase, Ga prefers Cl complexes over F.  Based on the
thermal parameters of the study, this can probably be extended to include fluids and supercritical
fluids, as well. Notably, as temperature decreases, the speciation of the Ga complexes changes
from GaCl to GaCl2 to GaCl3.  This phenomenon holds true for certain other elements, as well, in
which the molar proportion of halides in the complexes increases with decreasing temperature.
Metasomatic processes, in particular albitization, are also factors in increasing the Ga/Al
ratio (Severov & Vershkovskaya 1960; Bowden 1964), and concordance of the Ga/Al trend with
that of Zr/Nb, which probably also would show an increase with hydrothermal activity (Kosterin
et al. 1964; Wang et al. 1982), at least supports the possibility that the increases in these trends
are due in part to late-stage alteration, although it is difficult to divorce such increases from those
resulting from fractionation processes.
The Na/K ratio proved to be essentially useless as an indicator of magmatic
differentiation, as the value of the ratio did not correlate at all with fractionation.  Na and K
together behave too compatibly and are readily available throughout the crystallization sequence.
Na and K frequently substitute into different minerals, so changes in modal mineralogy skew
their ratio independently of fractionation trends.  For example, sodium substitutes freely into
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potassium feldspar but not annite; similarly, potassium tends to avoid clinopyroxene.
Furthermore, any possible meaning that could be gleaned from the data is swamped by the
effects of sodium metasomatism.  The best that can be said is that the Na/K values underscore
the lithologies in which metasomatism had the strongest effects.
On the other hand, since K and Rb tend to follow one another in substitutions, a change
in the total number of potassium sites does not change the proportion of K to Rb, and, in fact, the
K/Rb ratio is remarkably constant across most rock types. (Ahrens et al. 1952) Besides its
relative stability with respect to alteration, metasomatism, and mineral assemblage, the K/Rb
ratio is also considered to be a useful parameter to trace magmatic differentiation.  In rocks with
significant plagioclase and hornblende content, K/Rb increases with fractionation, since K is
favored slightly in these phases. (Hart & Aldrich 1967; Murthy & Griffin 1970)  With potassium
feldspar and biotite crystallization, as in the East Hill suite, it tends to decrease with increasing
magmatic evolution. (Demin & Khitarov 1958; Siedner 1965)
The K/Rb ratio generally decreases with fractionation in the East Hill suite, ranging from
405 to 44, with small positive anomalies in the Type 1 nepheline leucosyenite, the eudialyte
syenite, and the various syenoids.  The K/Rb ratio for the nepheline melasyenite suggests a rather
unevolved magma, whereas the value for the annite lamprophyre indicates extreme
differentiation. (Ahrens et al. 1952; Taylor et al. 1956)
Including zeolite-rich samples from Ilímaussaq (Ferguson 1970) for K/Rb calculations on
that complex introduced positive anomalies to the trend, whereas low-zeolite analyses yielded a
relatively smooth and continuous decrease with fractionation.  This suggests that the anomalies
seen in the East Hill suite K/Rb fractionation trend are also due to the presence of zeolites, both
primary and secondary.
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The use of Ba as a fractionation indicator suffers from similar problems to those
encountered in the application of the Na/K ratio.  Ba concentrations notoriously display
significant scatter, even at the scale of a single lithology.  Furthermore, even though Ba rather
rigidly follows K in substitution, it follows somewhat too rigidly and its content plummets after
potassium feldspar crystallization begins in earnest.  Consequently, in more evolved or in
alkaline suites, in which potassium feldspar already plays a major role, Ba content either drops
quickly or starts off low, making the problem of scatter even more pronounced. (Černý et al.
1985)
Even though Ba content is related to K mineralization, it is also geochemically allied with
Ti, especially in titanian mica (Mansker et al. 1979; Bol et al. 1989; Shaw & Penczak 1996);
therefore, fluctuations in Ti mineralization or substitution can lead to a mirror trend in Ba
concentrations. As a result, changes in the modality, unrelated to fractionation, can lead to
spurious shifts in Ba content and ratios.
For the East Hill suite as a whole, the Ba/K and Ba/Rb ratios exhibit scatter in their
values, but, in general, decrease with increasing differentiation in the direction defined by the
Ga/Al ratios.  Ba/Rb ratios strongly correlate with Ba/K values.  Ba/K ratios range from 49.8 ×
10-3 to 0.6 × 10-3 and Ba/Rb ranges from 20.15 to 0.03.  All three Ba ratios for the East Hill suite
exhibit have their highest value (Ba/K and Ba/Rb) or a particularly low value (Ba/Sr) in the
nepheline melasyenite.  The Ba/K and Ba/Rb exhibit a precipitous drop following further
differentiation; the Ba/Sr ratio increases, but not by as large a factor. Although scatter is
prominent in the Ba ratios, scatter in all three is correlative, with anomalous values concentrated
in the fractionation sequence between the Type 1 nepheline leucosyenite and the syenoids.  This
is likely related to increases in the modal proportion of aegirine-augite, as well as Ti-bearing
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phases such as eudialyte group minerals and astrophyllite. North Nyasa, Oslo, and Khibina-
Lovozero (Neumann 1980; Andersen & Sørensen 1993; Eby et al. 1998; Arzamastsev et al. 2001
& 2008) also have considerable scatter in their Ba/K values, with, as in the East Hill suite,
positive anomalies in biotite- and eudialyte-bearing lithologies.
The high Ba/K and Ba/Rb ratios in the nepheline melasyenite are, in general, related to
Ba concentrating in potassium feldspar. In terms of feldspar chemistry, this is the first
significant departure in the East Hill suite from the plagioclase of the gabbroic rocks of the Pain
de Sucre and Sunrise suites (Greenwood & Edgar 1984); this depleted the residual melt in Ba.
The crystallization of titanian annite in the nepheline melasyenite probably had the same effect in
terms of removing Ba from the system. An abundance of Ca minerals in the nepheline
melasyenite elevated the Sr content of the nepheline melasyenite, lowered the Ba/Sr ratio, and
depleted the residual melt in Sr.
Ba/Sr ratios in the East Hill suite range from 0.17 to 2.84 and are generally antipathetic to
Ba/K and Ba/Rb ratios. In igneous suites, Sr whole rock geochemistry is governed by the
interplay between several phases:  apatite, augitic clinopyroxene, biotite, feldspar, and titanite.
Apatite and titanite have a strong affinity for Sr (Morse 1982; Černý et al. 1985), so
crystallization of these phases increases the Sr content of a lithology, lowers the Ba/Sr ratio, and
depletes the melt in Sr. Biotite and pyroxene both tend to exclude Sr due to steric hindrances in
substitution for K or Ca, so these phases drive Sr levels higher in the melt. (Brooks 1968; Černý
et al. 1985) Plagioclase actually preferentially accepts Sr over Ca, but in terms of whole rock
chemistry, this effect may be offset by pyroxene crystallization. (Brooks 1968) As a general
rule, potassium feldspar has a similar affinity for Sr as plagioclase. (Heier 1962; Smith 1974) In
the nepheline melasyenite, early crystallization of apatite and titanite depleted the residual melt
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in Sr, leading to a relatively low Ba/Sr ratio for that lithology but generally elevating it in
subsequent rock types.  Scatter in the Ba/Sr ratio that is antipathetic and correlative to other Ba
ratios is probably partly driven by uptake of Sr by feldspar, but is mainly caused by elevated Sr
in eudialyte group minerals and carbonates. Without going too much further into mineralogical
variation, it should be apparent that Ba ratios are, indeed, more reliable indicators of mineralogy
than fractionation and, at the very least, both characteristics must be considered together.
As is to be expected from the preceding discussion of Sr behavior, the Sr/Ca ratio
basically follows the opposite trend to that of Ba/Sr in the East Hill suite, ranging from 85.6 ×
10-3 to 1.2 × 10-3; correlative deviations between the two trends are due to the greater exclusion
of potassium mineralization from the Sr/Ca ratio.
The Ti/Zr, Ti/Nb, and Zr/Nb ratios are similarly valuable as Ga/Al ratios as
differentiation indicators since these elements are not generally subject to remobilization by
fluids, unless such fluids are rich in complexing agents. (Pearce & Norry 1979)  Since this latter
property is more typical of magmatic fluids than post-magmatic hydrothermal or meteoric fluids,
these element ratios are more or less immune to the effects of alteration and secondary
mineralization.
One consideration of Ti ratios in alkaline rocks, however, is that Ti tends to concentrate
in miaskitic and early agpaitic assemblages.  Consequently, the alkalinity of the melt, in
particular the balance between Ca and Na + K can overprint the differentiation trend represented
by the ratio, and similarly to Ba ratios, early crystallization of Ti phases means that steep
negative gradients in Ti ratios are not uncommon early in the differentiation trend. Contrary to
calc-alkaline systems, in which Zr is consumed early through zircon crystallization (Dietrich
1968; Watson 1979), Zr is present in alkaline melts as zirconium complexes (Vlasov 1966;
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Dietrich 1968; Watson 1979), which concentrate Zr in the magma, elevating Zr content into later
stages of fractionation. The behavior of Nb is also influenced by complexing, with the same
effect that it concentrates into the melt. (Linnen 1998)
In the East Hill suite, both Ti/Zr and Ti/Nb exhibit the expected alkaline trend, decreasing
suddenly at first and then gradually, with ranges of 18.16 to 0.20 and 62.2 to 1.5, respectively.
Values show considerable scatter but with small variances due to fluctuations in mineralogy.
Zr/Nb increases steadily with differentiation in the East Hill suite, from a value of 3.4 to 11.3.
Neither Zr nor Nb is strongly subject to the influence of Ca in their mineralization, so they are
freer to vary based on the behavior of their complexes in the melt.  Zr concentrated more
effectively in the East Hill suite magma, with a 20-fold increase in Zr concentration versus a
seven-fold increase for Nb.
In the realm of alkaline complexes, the East Hill suite magma only underwent moderate
differentiation. Based on a comparison of the same differentiation indicators, the East Hill suite
overall experienced less fractionation than Ilímaussaq, more than the Kasungu and Chipala
intrusions from North Nyasa, and about as much as the Ilomba and Ulindi intrusions from North
Nyasa, the Oslo province, and Khibina-Lovozero.  This is not to say that the degree of evolution
correlates strictly with the ultimate mineralogy and lithologies observed in each complex.  For
example, the East Hill suite appears to be similarly differentiated to Khibina, and particularly,
Lovozero; however, the late-stage mineral assemblages in the latter complexes suggest a
substantially more evolved magma. Similarly, the Oslo province rocks do not exhibit the
spectacular agpaitic mineralogy as Khibina-Lovozero, yet again, magmas in the Oslo province
exhibit about as much differentiation as the East Hill suite. These differences are the result of
interplay with other factors that are not directly addressed by differentiation trends, such as the
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absolute contents of rare elements and alkalis in the parental magma, as well as the amount of
differentiation that the magma had already experienced prior to emplacement.
The East Hill suite intruded as a relatively primitive alkaline magma, enriched in alkalis
and rare-elements with respect to calc-alkaline magmas, but still containing high quantities of
Ca, Ba, REE, Sr, Ti, and Zr.  The earliest lithology at Ilímaussaq, the augite syenite, is strikingly
similar to the nepheline melasyenite in the East Hill suite, yet the rare element content at
Ilímaussaq is more uniformly high, resulting in more abundant rare-element lithologies in later
stages of crystallization.  Kasungu, Chipala, and Oslo started with relatively primitive magmas
with generally high Ca and Ti contents, but the Oslo province underwent a greater degree of
differentiation, resulting in more evolved, more typically-alkaline lithologies.  Interestingly, the
Ilomba and Ulindi intrusions, though less enriched in Ca and Ti and more enriched in alkalis,
contain less Zr and La than Kasungu and Chipala.  Khibina and Lovozero are rare element-rich
and exceptionally alkali-rich, but their magmas did not evolve substantially more than that of the
East Hill suite; yet owing to their bulk chemistry, they boast a greater number of minerals and
contain proportionally more agpaitic phases. It is important, then, to consider numerous factors
when analyzing the evolution of alkaline complexes, not only the degree of differentiation but
also the geochemical starting point.
Trace Element Variation
Coryell-Masuda diagrams for the East Hill suite are shown in FIGURES 43 and 44. It is
not uncommon practice, but HOFMANN (1997 & 2003) discourages the use of MORB- and OIB-
normalized element variation diagrams due to the high variance intrinsic to these compositions.
The preferred reservoir for mantle-normalization is the primitive mantle (PM) (Hofmann 1988),
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FIGURE 43 – Coryell-Masuda diagram for the East Hill suite, normalized to the primitive mantle (PM).  PM data
from MCDONOUGH (2001).
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FIGURE 44 – Coryell-Masuda diagram for the East Hill suite, average OIB, E-MORB, and N-MORB, and the East
Hill suite silicate xenolith, normalized to the primitive mantle (PM).  OIB, E-MORB, and N-MORB
data from SUN&MCDONOUGH (1989), U, K, and Pb values for N-MORB corrected with data from
HOFMANN (1988); PM data from MCDONOUGH (2001).
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and so trace element data from the East Hill suite and other alkaline complexes and provinces
was normalized against this composition.
The East Hill suite exhibits prominent negative anomalies for Ba, K, Sr, and Ti, small
negative anomalies for Nb, Sr, and P, and positive anomalies for Zr and Y, with a partial small
positive Pb anomaly.  The negative anomalies are indicative of fractionation of plagioclase,
potassium feldspar, apatite, and rutile, ilmenite, or titanite prior to emplacement of the East Hill
suite magma.  Early crystallization of these phases is not only not unexpected in a general sense,
but also these phases are abundant in the gabbroic suites that crystallized before the East Hill
suite. (Greenwood & Edgar 1984) Relative to the mantle, the continental crust contains
substantially higher concentrations of Pb (Miller et al. 1994), whereas Zr and Y contents are
similar between the primitive mantle, MORBs, and the continental crust. (Hofmann 1988)  The
positive Pb anomaly is suggestive of crustal contamination of the East Hill suite magma, but
such a process cannot explain the Zr and Y anomalies.  Positive Zr and Y anomalies are
indicative of enrichment via complexing and fractionation (Vlasov 1966; Bau 1996), a subject
that will be revisited in the discussion of petrogenesis.
In general, the nepheline melasyenite contains moderately low concentrations of the
examined elements, including the lowest of Zr and one of the lowest of Y, but it contains the
highest quantities of four of the negatively anomalous elements, Ba, Sr, and Ti, as well as P. The
syenitic lithologies (nepheline leucosyenites and perthite syenite) as well as some of the various
syenoids are depleted in nearly all but the most compatible trace elements.  Amongst the
elements in which these lithologies are depleted, they generally contain lower concentrations of
these elements than the nepheline melasyenite.  Conversely, for the same elements, the syenoid
112
lithologies (eudialyte syenite, feldspar-aegirine dikes, pegmatites, and the remaining various
syenoids) and the annite lamprophyre generally contain higher concentrations of these elements.
The trace element profile of the East Hill suite silicate xenolith is comparable to MORB
profiles (Figure 44), but it shows enrichment and depletion anomalies that are largely opposite to
those of the East Hill suite lithologies, enriched in Ba, K, Sr, P, and Ti, and depleted in Rb and
Zr. In parallel with the East Hill suite, the xenolith is slightly depleted in Nb. Combined with
the basaltic bulk composition of the xenolith, the negative correlation of the trace element
profiles of the East Hill suite and the xenolith suggest that the xenolith may be a fragment of the
direct source rock for the East Hill suite magma.  The positive correlation of the Nb depletions
suggest that this material may itself represent a fractionate of a more primitive composition.
Coryell-Masuda diagrams comparing the East Hill suite with the previously discussed
alkaline complexes and provinces are shown in FIGURES 45 through 50. All of the compared
intrusions have trace element profiles that are similar to that of the East Hill suite, at least in
terms of the presence of positive and negative anomalies.  With the added considerations of
comparing relative abundances and the overall shape of the profiles, as well, the East Hill suite
most resembles Ilímaussaq and Lovozero.  In fact, Ilímaussaq is overall even more enriched in
rare elements than the East Hill suite, in particular in Th, U, REE, and Y; however, Ilímaussaq
contains substantially less Nb (and presumably Ta) than does the East Hill suite.  Lovozero
rather closely matches the East Hill suite in the abundances of highly incompatible elements, but
it is actually less enriched in more compatible elements, and it displays a notable negative P
anomaly.  The trace element profile for Khibina is comparable to that of Lovozero, except that its
tenor in incompatible elements is about an order of magnitude lower.  In addition, Khibina and
Lovozero do not display the negative Sr anomaly of the East Hill suite.
113
Rb Ba Th U Nb Ta K La Ce Pb Sr P Zr Ti Y
Ro
ck/
Pri
mi
tive
 M
an
tle
 (P
M)
10-1
100
101
102
103
104
105
Ilímaussaq
East Hill suite
FIGURE 45 – Coryell-Masuda diagram comparing the East Hill suite with the Ilímaussaq intrusion (Ferguson 1970;
Bailey et al. 2001; Khomyakov et al. 2001), both normalized to the primitive mantle (PM).  PM data
from MCDONOUGH (2001).
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FIGURE 46 – Coryell-Masuda diagram comparing the East Hill suite with the Kasungu and Chipala intrusions, North
Nyasa alkaline province (Eby et al. 1998), both normalized to the primitive mantle (PM).  PM data
from MCDONOUGH (2001).
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FIGURE 47 – Coryell-Masuda diagram comparing the East Hill suite with the Ilomba and Ulindi intrusions, North
Nyasa alkaline province (Eby et al. 1998), both normalized to the primitive mantle (PM).  PM data
from MCDONOUGH (2001).
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FIGURE 48 – Coryell-Masuda diagram comparing the East Hill suite with the Oslo alkaline province (Neumann
1980; Andersen & Sørensen 1993), both normalized to the primitive mantle (PM).  PM data from
MCDONOUGH (2001).
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FIGURE 49 – Coryell-Masuda diagram comparing the East Hill suite with the Khibina intrusion (Arzamastsev et al.
2008), both normalized to the primitive mantle (PM).  PM data from MCDONOUGH (2001).
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FIGURE 50 – Coryell-Masuda diagram comparing the East Hill suite with the Lovozero intrusion (Arzamastsev et al.
2001), both normalized to the primitive mantle (PM).  PM data from MCDONOUGH (2001).
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The Oslo and North Nyasa provinces are notably less enriched in trace elements than the
East Hill suite and the intrusions already discussed.  The trace element profiles of both the Oslo
province and the Kasungu and Chipala intrusions are much flatter and, by individual elements,
have narrower ranges of abundances than all of the other intrusions under consideration.  The
Ilomba and Ulindi intrusions show more of the anomalies of the other intrusions and exhibit a
very broad range of abundances; also, these intrusions have a notable positive U anomaly. Even
though they show other signs of greater magmatic evolution and trace element enrichment, the
Ilomba and Ulindi intrusions are enriched in Ba and are, in fact, Y-depleted.
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MONT SAINT-HILAIRE, EAST HILL SUITE – MINERALOGY
INTRODUCTION
The Mont Saint-Hilaire igneous complex is justifiably famous as a ripe hunting ground
for mineral collectors and mineralogists alike.  Several hundred mineral species have been
documented, many of them new to science and most from alkaline environments.  Perhaps owing
to this sampling bias, and in spite of statements to the contrary (e.g. Currie et al. 1986), the
general mineralogy of the East Hill suite commonly is perceived as peralkaline in nature, in line
with that of Khibina, for example.  On the contrary, the mineralogy of the nepheline melasyenite,
which constitutes most of the volume of the East Hill suite, is geochemically borderline-alkaline,
and a large proportion of the exotic minerals are restricted to peralkaline microenvironments in
pegmatites and late-stage syenoids. (Currie et al. 1986; Mandarino & Anderson 1989)
The mineralogy of the East Hill suite (Table 12) is characterized by several geochemical
shifts through the emplacement history of the suite:  calcium- to sodium-dominant
ferromagnesian minerals, calcium- to sodium-dominant titano- and zirconosilicates, oxide- to
sulfide-dominant opaque minerals, and the late-stage emergence of carbonates, sulfates, and
silica-enriched aluminosilicates as accessory phases. Numerous subsolidus reactions are evident,
most prominently the wholesale replacement of nepheline by sodalite.  Also, a subtle but
geochemically important feature of the East Hill suite is the pervasive presence of microsulfides.
This study is not intended as an encyclopedic review of East Hill suite mineralogy;
rather, it is a catalogue of such minerals as would be encountered by an informal survey of each
lithology in hand-specimen and thin-section.  Provisional identifications were refined with the
SEM, XRD, and electron microprobe, but the thesis of the mineralogical study was to
characterize the fundamental mineralogy and geochemistry of the East Hill suite.
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TABLE 12 – Mineral survey catalogue – East Hill suite
Mineral NephelineMelasyenite Nepheline Leucosyenite
Eudialyte
Syenite
Feldspar-
Aegirine
Dikes
Annite
Lamprophyre
Type
1
Type
2
Type
3
amphiboles
calcic amphibole
group M – – – – – –
ferro-edenite t – – – – – –
hastingsite M – – – – – –
kaersutite (?) t – – – – – –
magnesiohastingsite ◊ – – – – – –
sodic amphibole
group – t – – m – ◊
arfvedsonite – t – – – – –
ferro-eckermannite – – – – m – –
riebeckite – – – – – – ◊
sodic-calcic
amphibole
group
M – – – – – –
ferrorichterite t – – – – – –
katophorite ◊ – – – – – –
magnesiotaramite m – – – – – –
taramite M – – – – – –
carbonates
calcite – – m ◊ ◊ t m
dawsonite – – m – – – –
rhodochrosite – – – – – – ◊
siderite – – m – – – –
rare-earth
carbonates
ancylite-(Ce) – – – – ◊ t –
calcioancylite-(Ce) – – – ◊ ◊ – ◊
synchysite-(Ce) – – ◊ – – – ◊
feldspars
alkali feldspar
group M M M M M M –
albite M m M m t M –
microcline – M M M M M –
orthoclase M – – – – – –
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TABLE 12 (CONT’D.)
feldspathoids &
zeolites Neph. Mel. Leu. 1 Leu. 2 Leu. 3 Eud. Sy. Feld.-Aeg. Ann. Lamp.
analcime – – – – ◊ – –
cancrinite t – – ◊ – – –
natrolite m m m M M t M
nepheline M – ◊ ◊ t – –
sodalite t – – – – – ◊
sodalite ps. nepheline – M M M M – –
halides
fluorite t ◊ – ◊ t – –
halite – – ◊ – – – –
oxides &
hydroxides
baddeleyite – – – – – – ◊
böhmite – – – ◊ – – ◊
hematite – – – – – ◊ –
hochelagaite – – – – ◊ – –
ilmenite ◊ – – – – – –
magnetite m – – – – – –
pyrochlore – – ◊ ◊ ◊ t t
pyrophanite – – – – – t –
rutile – – ◊ – – – –
thorianite (?) ◊ – – ◊ – – –
phosphates &
sulfates
barite – – – ◊ – – –
fluorapatite m ◊ ◊ ◊ ◊ – M
rhabdophane-(Ce) – – – – – – ◊
pyroxenes
pyroxene group M m t M M M m
aegirine – m t M M M m
aegirine-augite M – – t M – ◊
augite M – – ◊ – – –
titanaugite m – – – – – –
sulfides
acanthite (?) – – – – ◊ – –
alabandite (?) – ◊ – – – – –
arsenopyrite – ◊ – – – – –
chalcopyrite – – – – t – –
covellite – – – – t – –
galena ◊ – ◊ – t ◊ ◊
molybdenite – – ◊ ◊ – – –
pyrite t t t – t – ◊
sphalerite ◊ ◊ t ◊ t – t
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TABLE 12 (CONT’D.)
titanosilicates Neph. Mel. Leu. 1 Leu. 2 Leu. 3 Eud. Sy. Feld.-Aeg. Ann. Lamp.
kupletskite – ◊ – ◊ t – –
titanite m – – – – – –
zirconosilicates
calciohilairite ◊ – – – – – –
catapleiite – – – – t – –
eudialyte group – – – – m – –
eudialyte – – – – m –
ferrokentbrooksite – – – – t – –
gaidonnayite – – – – ◊ – t
hilairite – – – – – – t
låvenite ◊ – – – – – –
petarasite – – – – – – t
zircon – – t – – ◊ –
other silicates
almandine – – t – – – –
annite m – – – – t M
pectolite-sérandite
series – t – t m – –
pectolite – t – – – – –
sérandite – t – t m – –
thorogummite – – ◊ – ◊ – –
(M) major mineral (>10.0 modal%), (m) minor mineral (1.0-10.0%), (t) trace mineral (0.1-1.0%), (◊) rare
mineral (<0.1% or was only found as one or two crystals) & (–) not observed
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IDENTIFIEDMINERAL SPECIES
AMPHIBOLEGROUP
Calcic Amphibole Group
Ferro-edenite, 2227252 (OH)AlOSiFeNaCa 
Hastingsite, 222263242 (OH)OAlSi)Fe(FeNaCa 
Kaersutite, (OH)OAlSiTi)(MgNaCa 232642
Magnesiohastingsite, 22226342 (OH)OAlSi)Fe(MgNaCa 
Sodic-Calcic Amphibole Group
Ferrorichterite, 222825 (OH)OSiFeNa(CaNa) 
Katophorite, 2227324 (OH)AlO)SiFe(Al,Na(CaNa)Fe 
Magnesiotaramite, Na(CaNa)Mg3AlFe3+Si6Al2O22(OH)2
Taramite, 22226323 (OH)OAlSiAlFeFeNa(CaNa) 
Sodic Amphibole Group
Arfvedsonite, 22283242 (OH)OSi)Fe(FeNaNa 
Ferro-eckermannite, 2228242 (OH)OSiAl)(FeNaNa 
Riebeckite, 222832232 (OH)OSiFeFeNa 
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Overview of Speciation
A variety of members of the amphibole group are found in the East Hill Suite.  This
report follows the nomenclature of the IMA CNMMN Amphibole Subcommittee reports on
amphibole classification (IMA97 & IMA03) (Leake et al. 1997 & 2003).  Under this scheme,
amphiboles have been sorted into five groups:  the Mg-Fe-Mn-Li Group, the Calcic Group, the
Sodic-Calcic Group, the Sodic Group, and the Na-Ca-Mg-Fe-Mn-Li Group (officially alternately
termed Group 5).  The East Hill Suite hosts amphiboles from the Calcic Group (ferro-edenite,
hastingsite, kaersutite & magnesiohastingsite), the Sodic-Calcic Group (ferrorichterite,
magnesiotaramite & taramite), and the Sodic Group (arfvedsonite, ferro-eckermannite &
riebeckite).
With regard to each of these groups, a selection of amphiboles from a single lithology,
while being similar in physical properties, optics, and general chemistry, may plot, sensu stricto,
as numerous amphibole species.  As speciation is based on gradations of chemistry along a
lengthy continuum, the numerous “end-member” compositions within amphibole groups are not
necessarily so mutually different in chemical character nor in petrologic significance as, say, the
end-members of the olivine group.  It is prudent, therefore, to acknowledge the similarities
between species common to a group rather than to focus strictly on their differences.  In doing
so, the nomenclature of the amphiboles may be a powerful tool for expressing chemical variation
on a single theme, rather than a noisome maze, fraught with niggling distinctions.  In terms of the
IMA scheme, then, one should recognize amphiboles by their groups first, then look to the subtle
differences within.  In keeping with this philosophy, amphiboles from the East Hill Suite are
listed in this section by their IMA97/IMA03 group.
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Nepheline Melasyenite
Minerals of the calcic amphibole group collectively occur as a major mineral group in
this syenite. Ferro-edenite is a rare mineral in the nepheline melasyenite, occurring as a 250 μm
subhedral crystal, enclosed by orthoclase.  As it is the only positively identified specimen of
ferro-edenite, it was not possible to fully characterize its pleochroism, but as it is oriented with
its crystallographic axes oblique to the plane of the thin section, it was possible to approximate
the colors associated with two indicatrix axes: Y = tan and Z = grass green.  Identification was by
examination in the petrographic microscope (habit and pleochroism) and electron microprobe
analysis.
Hastingsite is a major mineral in this syenite, in which it occurs as black, subhedral
prismatic crystals, usually to 1 mm in length, but up to 1 cm.  The smallest and the largest
crystals are anhedral and tend to be free of inclusions.  Crystals close to 1 mm in size are
subhedral but are poikilitic, enclosing nepheline and orthoclase, and are interstitial along their
margins to the same.  Hastingsite is strongly pleochroic: X = greenish tan; Y = amber; Z = olive
green to teal blue.  Hastingsite is associated with nepheline, orthoclase, magnetite, titanite,
aegirine-augite, and annite; it is not associated with titanaugite, in contrast to taramite, with
which it may be easily confused.  Initial identification as an amphibole was based on
examination in the petrographic microscope, but speciation ultimately relied on electron
microprobe data.
Kaersutite is tentatively identified as a trace mineral in the nepheline melasyenite.  It is
present as a portion of a crystal of taramite that mantles a titanaugite individual.  It does not
present any substantially different appearance in thin section, as compared to the taramite and
was only detected by electron microprobe analysis.  It is possible that the kaersutite composition
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of the analysis is the result of simultaneous electron beam interaction with the taramite and the
titanaugite.  Kaersutite is a calcium- and magnesium-rich amphibole with essential titanium.
Taramite, on the other hand, is a sodium- and iron-rich amphibole.  As the zone of kaersutite is
so close to the titanaugite crystal, if the electron-beam interaction volume penetrated the
titanaugite and the taramite at the same time, calcium, magnesium, and titanium from the
titanaugite could spuriously drift the taramite analysis towards kaersutite.
Magnesiohastingsite is a rare mineral in this syenite, occurring in two crystals.  It is
found as an overgrowth on augite, and it occurs as a distal portion of a prominently zoned
amphibole crystal that is an overgrowth on and near-total replacement of a titanaugite crystal.
This is the only instance seen in which an amphibole of hastingsitic composition is found near
titanaugite, but it is preceded in paragenesis by magnesiotaramite, as is to be expected.
Magnesiohastingsite cannot be visually distinguished from hastingsite.
Representative analyses of calcic amphibole minerals are listed in TABLES 13 & 14. The
ferrous/ferric ratio was determined colorimetrically using the metavanadate technique of WILSON
(1960). Most calcic amphiboles from the nepheline melasyenite have hastingsitic compositions
(Figure 51); several high-Ti calcic amphiboles plot as kaersutite (Figure 52).  Calcic amphibole
compositions in the nepheline melasyenite are enriched in Fe3+, K, Mn, and Ti, less so in Zr.
Hastingsite specimens exhibit the same K, Mn, and Ti enrichment, though to a greater extent and
are also enriched in Ce and Zn. About 50% of the calcic amphibole analyses contain sufficient K
to be termed potassian; about 25% of the analyses, excluding kaersutitic compositions, contain
sufficient Ti to be termed titanian; and a further 25% of the analyses are kaersutite. Nearly all
calcic amphibole analyses, excluding kaersutitic compositions, recalculate to the ferri- analogue
of the particular species. Fluorine tends to exceed chlorine in all species, and although in no
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TABLE 13 – Representative electron microprobe analyses of calcic amphiboles – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 5n 7a 7c 23e 11r 12h
SiO2 (wt.%) 44.07 41.45 38.67 40.40 38.52 42.78
TiO2 0.57 1.97 2.02 2.34 11.79 1.75
ZrO2 0.14 0.06 0.39 0.18 0.28 0.04
Al2O3 6.84 9.41 9.36 9.64 7.81 10.55
REE2O3 0.00 0.84 0.51 0.84 0.00 0.00
Ce2O3 0.00 0.84 0.51 0.84 0.00 0.00
FeOtot 22.60 25.65 22.75 23.71 17.07 18.16
MnO 1.48 1.91 1.71 1.82 1.21 1.40
MgO 4.98 4.79 4.89 5.63 5.61 7.29
ZnO 0.00 0.64 0.54 0.84 0.00 0.00
CaO 9.60 9.47 9.40 9.25 11.90 9.52
Na2O 3.41 3.45 3.25 3.80 2.84 4.88
K2O 0.84 1.74 1.68 1.68 1.05 1.92
Cl 0.38 0.10 0.49 0.29 na 0.36
F 0.80 0.38 0.41 0.65 na 2.00
OCl -0.09 -0.02 -0.11 -0.07 na -0.08
OF -0.34 -0.16 -0.17 -0.27 na -0.84
SUM 95.28 101.67 95.79 100.74 98.09 99.71
Species:
fluorian
ferri-ferro-
edenite
potassian
ferrihastingsite
potassian
ferrihastingsite
fluorian
potassian
titanian
ferrihastingsite
ferri
kaersutite
fluorian
ferrimagnesio
hastingsite
FeO/FeOtot 0.51 0.51 0.51 0.51 0.51 0.51
Fe2O3 12.31 13.97 12.39 12.91 9.30 9.89
FeO 11.52 13.08 11.60 12.09 8.71 9.26
NEW SUM 96.51 103.90 97.53 102.87 99.02 100.70
)Fe(Mg
Mg
2 0.43 0.39 0.43 0.45 0.53 0.58
)MnFe(Mg
Mg
22  0.41 0.36 0.40 0.42 0.50 0.55
Recalculated according to the scheme of LEAKE ET AL. (1997 & 2003)
Normalized to 23 oxygen apfu
na = not analyzed
OH site-occupancy calculated by difference
Fe3+ estimated by wet-chemical analysis (Wilson 1960)
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TABLE 14 – Site-occupancies of calcic amphiboles from TABLE 13 – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 5n 7a 7c 23e 11r 12h
T-site
Si 6.870 6.209 6.147 6.117 5.822 6.390
ivAl 1.130 1.661 1.754 1.720 1.392 1.610
ivTi 0.000 0.130 0.099 0.163 0.787 0.000
[T] 8.000 8.000 8.000 8.000 8.000 8.000
C-site
viAl 0.127 0.000 0.000 0.000 0.000 0.247
viTi 0.067 0.092 0.142 0.104 0.553 0.196
Zr 0.010 0.004 0.030 0.013 0.021 0.003
Fe3+ 1.443 1.575 1.482 1.471 1.057 1.111
Fe2+ 1.502 1.639 1.542 1.531 1.100 1.157
Mn2+ 0.195 0.242 0.230 0.233 0.155 0.177
Mg 1.156 1.070 1.158 1.271 1.264 1.622
Zn 0.000 0.070 0.064 0.094 0.000 0.000
[C] 4.501 4.692 4.648 4.718 4.150 4.513
B-site
Fe2+ 0.000 0.000 0.000 0.000 0.000 0.000
Mn2+ 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.000 0.000 0.000 0.000
Ca 1.603 1.519 1.601 1.500 1.927 1.524
Na 0.397 0.481 0.399 0.500 0.073 0.476
[B] 2.000 2.000 2.000 2.000 2.000 2.000
A-site
Na 0.632 0.522 0.604 0.616 0.759 0.937
K 0.168 0.332 0.340 0.325 0.201 0.366
[A] 0.800 0.855 0.944 0.941 0.961 1.303
OH-Site
Cl 0.100 0.025 0.132 0.074 na 0.091
F 0.394 0.180 0.206 0.311 na 0.945
OH 1.505 1.795 1.662 1.614 2.000* 0.964
[OH] 2.000 2.000 2.000 2.000 2.000* 2.000
Recalculated according to the scheme of LEAKE ET AL. (1997 & 2003)
Normalized to 23 oxygen apfu
na = not analyzed
OH site-occupancy calculated by difference (* - by default)
Fe3+ estimated by wet-chemical analysis (Wilson 1960)
130
Si (apfu)
4.55.56.57.5 5.06.07.08.0
Mg
/(M
g +
 Fe
2+
)
0.0
0.5
1.0
magnesio
sadanagaite
sadanagaite
edenite
ferro-edenite
hastingsite
(viAl < Fe3+)
ferropargasite
(viAl    Fe3+)
pargasite
(viAl    Fe3+)
magnesio
hastingsite
(viAl < Fe3+)
[A](Na + K)    0.50; [B]Ca    1.50; Ti < 0.50



FIGURE 51 – Calcic amphibole compositions – Nepheline Melasyenite
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FIGURE 52 – High-Ti calcic amphibole compositions – Nepheline Melasyenite
analysis was F the dominant OH-site anion, about 30% of calcic amphibole analyses are fluorian
amphiboles.
Application of the calcic amphibole geothermobarometer of ERNST&LIU (1998) to
compositions from the nepheline melasyenite indicates the approximate temperature and pressure
of crystallization of these phases.  As a general rule, ERNST&LIU (1998) conclude that calcic
amphibole equilibrium temperature is directly related to apfu Si; therefore, for example, a
transition from edenitic to hastingsitic to sadanagaïtic compositions represents decreasing
temperature (Figure 53).  For the likely pressure range of the East Hill suite suggested by
132
FIGURE 53 – Compositional variation of synthetic calcic amphiboles as a function of temperature.  Data from LIU
(1997). (Ernst & Liu 1998)
GREENWOOD&EDGAR (1984), 1 to 2.5 kbar, the dominance of hastingsitic compositions
indicates maximum amphibole temperatures in the 800-900°C range.
According to experimental results from ERNST&LIU (1998), site-occupancy of ivAl in
nepheline melasyenite calcic amphiboles (Figure 54) indicates a crystallization temperature
range of ~650-875°C, with most analyses in the 775-825°C range. Content of Al2O3 and TiO2
(Figures 55 & 56) both yield similar temperatures and a pressure range of 1 to 2.5 kbar, the
pressure range consistent with that of GREENWOOD&EDGAR (1984).
Minerals of the sodic-calcic amphibole group collectively occur as a major mineral group
in the nepheline melasyenite.  Ferrorichterite is a trace mineral in the nepheline melasyenite.  It
occurs as a 50 μm anhedral crystal, associated with taramite overgrowing a titanaugite crystal.  It
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FIGURE 54 – ivAl content of synthetic calcic amphiboles as a function of temperature.  Data from LIU (1997). (Ernst
& Liu 1998)
FIGURE 55 – Al2O3 (wt.%) content of synthetic calcic amphiboles as a function of pressure and temperature.  Data
from:  (□) – HELZ (1973 & 1979), (+) – LIOU ET AL. (1974), () – SPEAR (1981), () – APTED& LIOU
(1983), () – POLI (1993), () – ERNST&LIU (1998). (Ernst & Liu 1998)
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FIGURE 56 – TiO2 (wt.%) content of synthetic calcic amphiboles as a function of pressure and temperature.  Data
from:  (□) – HELZ (1973 & 1979), (+) – LIOU ET AL. (1974), () – SPEAR (1981), () – APTED& LIOU
(1983), () – ERNST&LIU (1998). (Ernst & Liu 1998)
is strongly pleochroic between straw yellow and a grayish blue-green, but it was not possible to
associate either color with a particular indicatrix axis.  Identification was primarily on the basis
of electron microprobe analysis, but the more distinctive pleochroic colors (with respect to other
amphibole group minerals) of ferrorichterite lent supporting evidence.
Katophorite is a rare mineral in this syenite, occurring as a narrow overgrowth on a
taramite crystal.  Katophorite cannot be visually distinguished from taramite, and identification
was strictly by electron microprobe analysis.
Magnesiotaramite is a minor mineral in this syenite.  It occurs as regions of transitional
chemistry in zoned amphibole crystals that overgrow and replace titanaugite crystals.  One
noteworthy occurrence is as the primary, and proximal, portion of an overgrowth on a nearly
completely replaced titanaugite crystal.  The amphibole overgrowth is prominently zoned and
grades from magnesiotaramite to magnesiohastingsite.  Viewed with crossed polars, the
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amphibole exhibits splendid symmetrical sweeping extinction parallel to the prism faces of the
relic titanaugite crystal.  Similarly, its pleochroism varies axially and systematically from the
centerline to the margin, most notably from the Z=olive green of taramite to the Z=teal blue of
hastingsite.  In all respects but its composition, magnesiotaramite resembles taramite, and the
two minerals cannot be visually distinguished.  Identification was based on electron microprobe
analysis.
Taramite is a major mineral in the nepheline melasyenite.  Similarly to hastingsite, it is
present as black, subhedral prismatic crystals, usually to 1 mm in length, but up to 1 cm.  The
smallest and the largest crystals are anhedral and tend to be free of inclusions.  Crystals close to
1 mm in size are subhedral but are poikilitic, enclosing nepheline and orthoclase, and are
interstitial along their margins to the same.  Taramite is pleochroic: X=amber green, Y=amber
olive green, Z=olive green.  Taramite is closely associated with titanaugite.  It is found as
overgrowths on titanaugite, either directly in contact or as an overgrowth to an aegirine-augite
mantle around titanaugite, to 0.5 mm in thickness.  When found as an overgrowth on titanaugite,
it may include small crystals of magnetite; if the titanaugite is completely replaced by taramite,
the taramite will carry a cluster of magnetite crystals in the shape of the original titanaugite.
Taramite also occurs as isolated crystals, always situated within 1 mm of a titanaugite crystal.
Representative analyses of sodic-calcic amphibole minerals are listed in TABLES 15 & 16.
The ferrous/ferric ratio was determined colorimetrically using the metavanadate technique of
WILSON (1960). Most sodic-calcic amphiboles from the nepheline melasyenite have taramitic
compositions (Figure 57).  Sodic-calcic amphibole compositions in the nepheline melasyenite are
enriched in Ce, Fe3+, K, Mn, Ti, and Zn, with sporadic Zr.  Nearly all of the sodic-calcic
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amphibole analyses contain sufficient K to be termed potassian; about 10% contain sufficient K
to be termed potassic. Overall, the sodic-calcic amphiboles are more K rich than the calcic
amphiboles, with average [A]K site-occupancies of 0.218 and 0.353 for the calcic and sodic-calcic
amphiboles, respectively.  Approximately 20% of the analyses contain sufficient Mn to be
termed manganoan.  About 20% of the analyses contain sufficient Ti to be termed titanian, and
about 5% recalculate as titano-amphiboles.  Although Zr enrichment is variable, one sample
exhibits 1.38 wt.% ZrO2, an exceptional tenor even in peralkaline complexes, exceeding
maximum concentrations from Ilímaussaq and Motzfeldt (Larsen 1976; Jones 1980) and perhaps
second only to Igaliko. (Pearce 1989)  Nearly all sodic-calcic amphibole analyses recalculate to
the ferri- analogue of the particular species.   Fluorine tends to exceed chlorine in all species, and
although in no analysis was F the dominant OH-site anion, about 20% of sodic-calcic amphibole
analyses are fluorian amphiboles.
Using the experimental data of ERNST&LIU (1998), extrapolation of the ivAl content of
the ferrorichterite yields a crystallization temperature of approximately 600°C. CHARLES (1975
& 1977) examined the thermal stability of the richterite–ferrorichterite series up to 7 kbar and
found that the richterite series gradually decomposes to pyroxene + olivine ± magnetite + melt +
vapor as either isothermal oxygen fugacity or isobaric temperature rises too high.  The absolute
upper limit of thermal stability for near end-member ferrorichterite is 730 ± 10°C at the QFM
buffer, dropping to 550 ± 20°C at the HM buffer; but these values represent the temperatures at
which the decomposition reaction goes to completion.  The ferrorichterite in the nepheline
melasyenite shows no signs of decomposition, therefore 2Of must have been below the
minimum decomposition fugacity.  For the estimated crystallization temperature, this
corresponds to 2Of = 10-22 bar, below the QFM buffer at 600°C.
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TABLE 15 – Representative electron microprobe analyses of sodic-calcic amphiboles – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 12f 8h 11j 14f 15e 16e
SiO2 (wt.%) 43.94 40.96 41.68 41.76 42.26 41.84
TiO2 1.79 1.71 2.52 1.56 1.40 2.21
ZrO2 0.00 0.23 0.09 0.00 0.00 0.00
Al2O3 10.67 8.70 10.01 8.07 9.03 9.65
REE2O3 0.53 0.74 0.74 0.54 0.55 0.55
Ce2O3 0.53 0.74 0.74 0.54 0.55 0.55
FeOtot 18.51 25.07 23.17 24.91 27.72 26.85
MnO 1.42 1.92 1.80 1.85 1.91 1.93
MgO 7.27 4.54 5.79 5.37 4.35 4.93
ZnO 0.85 0.69 0.11 0.26 0.68 0.72
CaO 9.58 8.66 9.26 7.31 6.89 8.31
Na2O 5.08 3.46 3.45 4.28 5.05 4.00
K2O 1.98 1.63 1.84 1.74 1.79 1.50
Cl 0.26 0.32 0.30 0.27 0.26 0.00
F 0.49 0.48 1.80 0.37 0.78 0.00
OCl -0.06 -0.07 -0.07 -0.06 -0.06 0.00
OF -0.21 -0.20 -0.76 -0.16 -0.33 0.00
SUM 102.08 98.83 101.72 98.05 102.28 102.49
Species:
potassian
ferrimagnesio-
taramite
manganoan
potassian
ferritaramite
fluorian
potassian
titanian
ferritaramite
potassian
ferritaramite
fluorian
potassian
ferritaramite
potassian
ferritaramite
FeO/FeOtot 0.50 0.50 0.50 0.50 0.50 0.50
Fe2O3 10.28 13.93 12.88 13.84 15.40 14.92
FeO 9.25 12.54 11.59 12.45 13.86 13.42
NEW SUM 103.64 100.96 103.75 99.98 104.37 104.54
)Fe(Mg
Mg
2 0.58 0.39 0.47 0.43 0.36 0.40
)MnFe(Mg
Mg
22  0.55 0.36 0.44 0.40 0.33 0.36
Recalculated according to the scheme of LEAKE ET AL. (1997 & 2003)
Normalized to 23 oxygen apfu
na = not analyzed
OH site-occupancy calculated by difference
Fe3+ estimated by wet-chemical analysis (Wilson 1960)
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TABLE 16 – Site-occupancies of sodic-calcic amphiboles from TABLE 15 – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 12f 8h 11j 14f 15e 16e
T-site
Si 6.389 6.311 6.216 6.433 6.316 6.181
ivAl 1.611 1.580 1.759 1.465 1.591 1.681
ivTi 0.000 0.109 0.025 0.102 0.093 0.138
[T] 8.000 8.000 8.000 8.000 8.000 8.000
C-site
viAl 0.218 0.000 0.000 0.000 0.000 0.000
viTi 0.195 0.090 0.257 0.078 0.064 0.107
Zr 0.000 0.018 0.006 0.000 0.000 0.000
Fe3+ 1.125 1.615 1.445 1.604 1.732 1.659
Fe2+ 1.125 1.615 1.445 1.604 1.732 1.659
Mn2+ 0.175 0.251 0.227 0.241 0.242 0.242
Mg 1.575 1.041 1.288 1.232 0.969 1.084
Zn 0.091 0.078 0.012 0.030 0.075 0.079
[C] 4.505 4.708 4.680 4.790 4.815 4.829
B-site
Fe2+ 0.000 0.000 0.000 0.000 0.000 0.000
Mn2+ 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.000 0.000 0.000 0.000
Ca 1.492 1.429 1.479 1.207 1.103 1.316
Na 0.508 0.571 0.521 0.793 0.897 0.684
[B] 2.000 2.000 2.000 2.000 2.000 2.000
A-site
Na 0.924 0.462 0.477 0.486 0.565 0.461
K 0.366 0.319 0.350 0.341 0.342 0.283
[A] 1.291 0.781 0.827 0.827 0.907 0.744
OH-Site
Cl 0.064 0.084 0.076 0.070 0.066 0.000
F 0.225 0.234 0.849 0.180 0.369 0.000
OH 1.711 1.683 1.075 1.749 1.565 2.000
[OH] 2.000 2.000 2.000 2.000 2.000 2.000
Recalculated according to the scheme of LEAKE ET AL. (1997 & 2003)
Normalized to 23 oxygen apfu
na = not analyzed
OH site-occupancy calculated by difference
Fe3+ estimated by wet-chemical analysis (Wilson 1960)
139
Si (apfu)
5.56.57.5 6.07.08.0
Mg
/(M
g +
 Fe
2+
)
0.0
0.5
1.0
magnesiotaramite
taramite
magnesiokatophorite
katophorite
richterite
ferro-
richterite
[A](Na + K)    0.50; [B](Ca + Na)    1.00; 0.50 < [B]Na < 1.50
FIGURE 57 – Sodic-calcic amphibole compositions – Nepheline Melasyenite
Type 1 nepheline leucosyenite
Arfvedsonite occurs as a trace mineral in the Type 1 nepheline leucosyenite.  It is found
as greenish blue (unpolarized light), subhedral, prismatic crystals to 35 μm in length.  They vary
in habit from acicular to bladed.  The arfvedsonite is pleochroic according to the scheme: X =
blue green, Z = yellow green; no crystals were oriented suitably to measure the pleochroism
associated with Y.  Arfvedsonite is included by microcline in an albitized zone and by sodalite
near a natrolite reaction rim.
Identification was based on optical properties (δ  0.007, 2Vx  45º, biaxial negative,
pleochroism).  In thin section, arfvedsonite is superficially similar to eckermannite and
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riebeckite, but eckermannite and riebeckite both tend to have higher birefringences and
riebeckite exhibits distinctly different pleochroism.  Identification was supported by EDS
analysis, which indicates a low-aluminum, iron-dominant composition, thus pointing to
arfvedsonite over eckermannite.
Eudialyte Syenite
Ferro-eckermannite, one of three representatives of the sodic amphibole group in the East
Hill Suite, occurs as a minor mineral in the eudialyte syenite.  It is found as Prussian blue,
subhedral, equant masses to 6 mm in diameter.  It also occurs as subhedral, acicular individuals
to 2 mm in length on the surface of microcline crystals (Figure 58). Such ferro-eckermannite
crystals tend to be gemmier and lighter in color than those occurring in aggregates.
FIGURE 58 – Ferro-eckermannite on microcline, associated with aegirine (green), eudialyte group (red), and sodalite
pseudomorph after nepheline (grey-blue) – Eudialyte Syenite (20x)
sodalite ps.
nepheline
ferro-
eckermannite
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A representative analysis of ferro-eckermannite is in TABLE 17.  A compositional
diagram is shown as FIGURE 59.  Ferro-eckermannite in the eudialyte syenite is enriched in Ti,
Zr, Mn, and K, with potassium enrichment sufficient to term the sample potassian, nearly
sufficient to be termed potassic.
TROPPER ET AL. (2000) propose a geothermobarometer for sodic amphiboles, based on
investigation of natural and synthetic specimens, notably those representing a solid solution
series between glaucophane and nyböite.  Ferro-eckermannite is sufficiently similar to these
species to warrant applying their geothermobarometer, which is based on site-occupancy of ivAl;
however, the isopleths in p-T space have a nearly vertical slope below about 20 kbar, making the
pressure data not interpretable for the East Hill suite.  Temperature data, however, may be
distantly extrapolated, yielding an estimated temperature range of 700-750°C.
Fortunately, the sodium geothermometer (Figure 60) of TROPPER ET AL. (2000) is more
useful, as the slopes of the [A]Na isopleths permit straightforward extrapolation to the 1 to 2.5
kbar range of the East Hill suite.  Application of the geothermometer indicates an approximate
crystallization temperature of 725°C for the eudialyte syenite ferro-eckermannite.  Relative
oxygen fugacities of ferro- and magnesio-sodic amphiboles (Figure 61) suggest that ferro-
eckermannite crystallized below the HM buffer. (Okay 1980)
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TABLE 17 – Representative electron microprobe analysis of sodic amphibole – Eudialyte Syenite
Lithology: Eudialyte Syenite
Sample: MSH-B-2
Target: 9a Target: 9a
SiO2 (wt.%) 51.74 T-site
TiO2 1.01 Si 8.061ZrO2 1.05 ivAl 0.000Al2O3 4.12 ivTi 0.000
REE2O3 0.00 [T] 8.061
Ce2O3 0.00FeOtot 23.35 C-siteMnO 0.73 viAl 0.756
MgO 0.01 viTi 0.118
ZnO 0.00 Zr 0.080
CaO 0.64 Fe3+ 0.461
Na2O 9.43 Fe2+ 2.582K2O 4.47 Mn2+ 0.097Cl 0.00 Mg 0.003
F 0.00 Zn 0.000
OCl 0.00 [C] 4.096
OF 0.00
B-site
SUM 96.54 Fe2+ 0.000
Mn2+ 0.000
Species: potassian Mg 0.000ferro-eckermannite Ca 0.106
Na 1.894
FeO/FeOtot 0.84 [B] 2.000
Fe2O3 4.15FeO 19.62 A-site
Na 0.954
NEW SUM 96.96 K 0.888
[A] 1.842
)Fe(Mg
Mg
2 >0.00 OH-Site
)MnFe(Mg
Mg
22  >0.00
Cl 0.000
F 0.000
OH 2.000
[OH] 2.000
Recalculated according to the scheme of LEAKE ET AL. (1997 & 2003) – Minimum Fe3+
Normalized to 23 oxygen apfu
OH site-occupancy calculated by difference
Fe3+ determined by site-occupancy according to the scheme of LEAKE ET AL. (1997)
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FIGURE 59 – Sodic amphibole composition – Eudialyte Syenite
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FIGURE 60 – Variation in site-occupancy of [A]Na in sodic amphiboles as a function of pressure and temperature.
() – 30 kbar, () – 25 kbar, () – 20 kbar.  System buffered by the reaction glaucophane = jadeite +
talc. (Tropper et al. 2000)
FIGURE 61 – Oxygen fugacity isopleths for sodic amphiboles (blueschist facies p-T conditions). Note that oxygen
fugacity increases downward in this diagram. (FG) – ferroglaucophane, (G) – glaucophane, (R) –
riebeckite, (MR) – magnesioriebeckite. (Okay 1980)
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Annite Lamprophyre
Riebeckite is found as a rare mineral in the annite lamprophyre as euhedral, blocky,
prismatic crystals to 250 μm in length.  They are found associated with annite and aegirine.
Identification was based initially on EDS analysis and observation in the petrographic
microscope.  Final identification was based on optical properties (length fast and pleochroism:
X = blue, Y = grey blue, Z = pale brown).
PLATT&WOOLLEY (1986) suggest a hydrothermal origin for riebeckite in the Mulanje
peralkaline syenite-granite complex.  Riebeckite coexists with annite and aegirine, the prominent
mafic assemblage in the annite lamprophyre, up to a maximum temperature of about 570°C.
(Ernst 1962; Eugster & Wones 1962; Platt & Woolley 1986)  An examination of the oxygen
fugacities during the formation of sodic amphiboles by OKAY (1980) (Figure 61) indicates that
riebeckite would have crystallized well below the HM buffer, a result that is consistent with the
findings of PLATT&WOOLLEY (1986).
East Hill Suite Amphiboles
PE-PIPER (1988) and MITCHELL (1990) highlight the positive correlation between Mg
content in amphiboles and magmatic oxygen fugacity.  Although absolute oxygen fugacity
cannot be directly determined using this method, magnesium content may be used as a proxy for
the relative oxygen fugacity at the time of crystallization. Considering both calcic and sodic-
calcic amphiboles from the nepheline melasyenite, estimated crystallization temperatures (Figure
54), based on ivAl content (Ernst & Liu 1998), decrease from calcic to sodic-calcic compositions.
Calcic cores generally represent higher temperatures than sodic-calcic cores; small, late-stage
crystals and the rims of large crystals tend to be sodic-calcic and represent lower temperatures.
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FIGURE 62 – Relative oxygen fugacity versus estimated temperature for nepheline melasyenite amphiboles (calcic &
sodic-calcic).  MgO content serves as a proxy for oxygen fugacity (Pe-Piper 1988); no scale is implied.
Temperature estimates are from ivAl site-occupancy. (Ernst & Liu 1998)  Tie lines link cores and rims
common to individual crystals.
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Relative 2Of (Figure 62), based on Mg content, decreases with temperature.  The average
Mg-number of nepheline melasyenite amphiboles decreases from 54 for calcic amphiboles to 41
for sodic-calcic amphiboles.  This indicates that the magma oxygen fugacity decreased during
the crystallization of amphiboles in the nepheline melasyenite.  Tie lines connecting cores and
rims common to individual crystals have roughly the same slope, which supports the concept that
the apparent decrease in 2Of is magmatic rather than a crystal chemical effect confined to
particular crystals.
The compositional trend on a plot of Ca + ivAl versus Si + Na + K (Figure 63) points to
several substitution mechanisms that effect this transition:  1) Ti ↔ NaAl, 2) Ti + O2– ↔ Fe3+
+ OH–, 3) CaAl ↔ NaSi, and 4)Fe3+ ↔ NaFe2+. (Giret et al. 1980)  Altogether, these data
point to an increase in magma alkalinity simultaneous with cooling and decreasing 2Of .
Similarly, potassium content of East Hill suite amphiboles increases with magmatic
evolution and lower crystallization temperature.  This is consistent with the observations of
DYULGEROV&PLATEVOET (2006) in the Buhovo-Seslavtzi complex, a potassic peralkaline
pluton, prominently distinct from Mont Saint-Hilaire in being oversaturated with respect to
silica.  Buhovo-Seslavtzi presents sodic-calcic and sodic amphiboles ranging from ferrowinchite
in the least evolved rocks to potassic magnesio-arfvedsonite in the most evolved.  The potassic
magnesio-arfvedsonite contains up to 4.67 wt.% K2O, comparable to the K content of the ferro-
eckermannite in the East Hill suite eudialyte syenite.
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FIGURE 63 – Ca + ivAl versus Si + Na + K in amphiboles – Nepheline Melasyenite
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Calcic and sodic-calcic amphiboles in the nepheline melasyenite exhibit, in part, a similar
trend in Mn and Zn enrichment to that found in Li-arfvedsonite from Strange Lake, Québec
(Hawthorne et al. 2001), in which Mn and Zn display a prominent positive correlation.
Amphiboles from both the East Hill suite nepheline melasyenite and the Strange Lake granite are
enriched in Zn and Mn over precisely the same range:  up to 0.25 apfuMn and up to 0.12 apfu
Zn (Figures 64 & 65).  Melasyenite amphiboles with Mn ≲ 0.25 apfu show the same positive
correlation between Mn and Zn, but the nepheline melasyenite contains a population of
amphiboles with Mn  0.25 apfu that do not correlate at all with Zn content, corresponding rather
to the entire range of Zn content from 0.00 to 0.12 apfu Zn.  Both calcic and sodic-calcic
amphiboles are present in both trends.  For amphiboles in the correlative trend, sodic-calcic
amphiboles contain higher concentrations of both Mn and Zn than calcic amphiboles.
HAWTHORNE ET AL. (2001) ascribe the correlation to magmatic rather than crystal
chemical influences, and the same could perhaps be said of the East Hill suite amphiboles, as
well; however, the non-systematic Zn content of the Mn  0.25 apfu amphiboles merits
exploration.  Some insight into the relationship comes from examination of the viTi content of the
nepheline melasyenite amphiboles.  Six-coördinated titanium is the only other element that
varies systematically with Zn, and it varies in a fascinating way.
In both the calcic (Figure 66) and sodic-calcic (Figure 67) amphiboles, viTi exhibits an
antipathetic variation with Mn.  Calcic amphiboles on the correlative trend exhibit high viTi
content, whereas calcic amphiboles on the Mn  0.25 apfu trend exhibit low viTi content;
furthermore, Mn and viTi are highly negatively correlated.  The trends are not as striking in the
sodic-calcic amphiboles, in which most samples exhibit low viTi content.  The single sodic-calcic
analysis that shows high viTi contains no Mn, reflecting the pattern of the calcic amphiboles.
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FIGURE 64 – Mn versus Zn in amphibole – Strange Lake granite (Hawthorne et al. 2001)
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FIGURE 65 – Mn versus Zn in amphiboles – Nepheline Melasyenite
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FIGURE 66 – Mn and viTi versus Zn in calcic amphiboles – Nepheline Melasyenite
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FIGURE 67 – Mn and viTi versus Zn in sodic-calcic amphiboles – Nepheline Melasyenite
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Notably, at the concentration of Zn found in this analysis, the viTi content of the calcic
amphiboles had already dropped to low levels.
All together, this suggests that a combination of magmatic and crystal chemical
influences is involved.  There is a clear trend of Mn and Zn enrichment and Ti depletion in the
overall chemistry of the nepheline melasyenite amphiboles, reflecting changes in the bulk
chemistry of the magma. The close negative correlation, however, of Mn and viTi in the calcic
amphiboles suggests that, while viTi is present in any great quantity, it acts as a crystal chemical
barrier to Mn enrichment in the amphibole structure.  Furthermore, the manganese “ceiling”
encountered at Mn  0.25 apfu, and the same trend geometry of Zn enrichment in two unrelated
magmatic systems implies a crystal chemical mechanism.
Most amphiboles in the nepheline melasyenite contain sufficient ferric iron to be named
as a ferri- species.  Ferric iron enters the amphibole structure via one of two mechanisms, either a
dehydrogenation reaction:
Fe2+ + OH– → Fe3+ + O2– + ½ H2
or substitution of octahedral ferric iron for aluminum. (Clowe et al. 1988)  A plot of viFe3+ versus
viAl (Figure 68) reveals a lack of correlation for calcic amphiboles but a rather strong correlation
for sodic-calcic amphiboles, implying that ferric iron in the nepheline melasyenite amphiboles
entered the structure via both mechanisms at different stages of crystallization.
Crystallization temperature and oxygen fugacity estimates indicated that the calcic
amphiboles crystallized earlier and at higher oxygen fugacities than the sodic-calcic amphiboles.
The trends of ferric iron incorporation reflect these data, in that the calcic trend shows that the
amount of viFe3+ in the structure did not rely substantially on the amount of viAl, meaning that the
dehydrogenation mechanism was dominant, relying on the uptake of oxygen from the system.
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FIGURE 68 – Octahedral ferric iron versus octahedral aluminum in amphiboles – Nepheline Melasyenite
This is consistent with the relatively higher oxygen fugacity early in the crystallization of the
nepheline melasyenite.  On the other hand, the sodic-calcic trend shows a rough balance between
ferric iron input and aluminum output, meaning that the substitution mechanism had taken over
later in the crystallization sequence.  This is not causatively related to the relatively lower
oxygen fugacity late in the crystallization of the nepheline melasyenite, but neither is it
unexpected in such a chemical environment.
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CARBONATES
Calcite
CaCO3
Type 2 Nepheline Leucosyenite
Calcite occurs as a minor mineral in the Type 2 nepheline leucosyenite.  It is found as
colorless, resinous, euhedral to subhedral rhombohedral and scalenohedral crystals to 4 mm in
their maximum dimension.  These crystals are generally isolated in matrix, but examination in
thin section reveals that some occurrences are as irregular veinlets running through sodalite-
natrolite-dawsonite associations.  Identification was on the basis of EDS analysis, as well as
optical properties (δ  0.16).
Representative analyses of calcite from the Type 2 nepheline leucosyenite are listed in
TABLE 18. Most calcite from the Type 2 nepheline leucosyenite plots near end-member calcite
(Figure 69) but contains up to 7 mol% rhodochrosite and 3 mol% siderite.  Calcite compositions
from the Type 2 nepheline leucosyenite are enriched in Zn but are nearly all Mg-free.
Type 3 Nepheline Leucosyenite
Calcite is a rare mineral in the Type 3 nepheline leucosyenite.  It occurs as a skeletal,
poikilitic, euhedral hexagonal crystal 2 mm in diameter.  The crystal is formed as a mosaic of
subhedral scalenohedral crystals of calcite.  The calcite contains oikocrysts of sodalite
pseudomorphs after nepheline, some exhibiting incipient alteration to natrolite.  The calcite also
hosts some inclusions of fluorite and sérandite.  Identification was on the basis of examination
under the petrographic microscope (habit, variable relief, uniaxial, and δ  0.15).
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TABLE 18 – Representative electron microprobe analyses of calcite – Type 2 Nepheline Leucosyenite
Lithology: Type 2 Nepheline Leucosyenite
Sample: MSH-B-4
Target: 6c 6d 7d
SiO2 (wt.%) 0.00 0.00 0.01
P2O5 0.04 0.04 0.00
Al2O3 0.00 0.00 0.00
Sc2O3 na na na
FeO 1.89 1.80 1.86
MnO 4.42 4.16 3.73
MgO 0.00 0.00 0.00
ZnO 0.29 0.47 0.63
CaO 46.62 46.07 46.08
BaO 0.00 0.04 0.00
Na2O 0.00 0.00 0.00
K2O 0.00 0.00 0.02
CO2* 40.71 40.17 39.99
SUM 93.98 92.76 92.32
Cations
Si 0.000 0.000 0.000
P 0.001 0.001 0.000
Al 0.000 0.000 0.000
Sc na na na
Fe2+ 0.028 0.027 0.028
Mn2+ 0.067 0.064 0.058
Mg 0.000 0.000 0.000
Zn 0.004 0.006 0.009
Ca 0.899 0.900 0.904
Ba 0.000 0.000 0.000
K 0.000 0.000 0.001
Na 0.000 0.000 0.000
23CO 1.000 1.000 1.000
Normalized to 3 oxygen apfu
na = not analyzed
*CO2 calculated to make 1 23CO pfu
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FIGURE 69 – Calcite compositions – Type 2 Nepheline Leucosyenite
Eudialyte Syenite
Calcite is found as a rare mineral in the eudialyte syenite.  It is seen both in matrix and in
vugs.  In matrix, it occurs as subhedral, rhombohedral crystals to 40 μm in their maximum
dimension.  In vugs, it occurs as euhedral, rhombohedral crystals to 4 mm along edge.  Such
crystals are translucent and pale grey in color.  Identification of calcite in matrix was on the basis
of EDS analysis, supported by examination in the petrographic microscope (uniaxial and
δ  0.16).  Calcite from vugs was positively identified by XRD analysis.
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TABLE 19 – Representative electron microprobe analyses of calcite – Eudialyte Syenite
Lithology: Eudialyte Syenite
Sample: MSH-B-2
Target: 6b 10d 13e
SiO2 (wt.%) 0.28 0.19 0.51
P2O5 0.20 0.05 0.41
Al2O3 0.19 0.16 0.24
Sc2O3 0.08 0.00 0.28
FeO 0.62 0.51 0.87
MnO 9.01 2.63 6.91
MgO 0.22 0.00 0.24
ZnO 0.00 0.00 0.00
CaO 38.23 44.37 37.95
BaO 0.17 0.09 0.14
Na2O 0.00 0.00 0.00
K2O 0.00 0.00 0.11
CO2* 37.30 37.34 36.91
SUM 86.30 85.33 84.57
Cations
Si 0.005 0.004 0.010
P 0.003 0.001 0.007
Al 0.004 0.004 0.006
Sc 0.001 0.000 0.005
Fe2+ 0.010 0.008 0.014
Mn2+ 0.150 0.044 0.116
Mg 0.006 0.000 0.007
Zn 0.000 0.000 0.000
Ca 0.804 0.932 0.807
Ba 0.001 0.001 0.001
K 0.000 0.000 0.003
Na 0.000 0.000 0.000
23CO 1.000 1.000 1.000
Normalized to 3 oxygen apfu
na = not analyzed
*CO2 calculated to make 1 23CO pfu
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FIGURE 70 – Calcite compositions – Eudialyte Syenite
Representative analyses of calcite from the eudialyte syenite are listed in TABLE 19.
Calcite from the eudialyte syenite (Figure 70) contains up to 15 mol% rhodochrosite and 1 mol%
siderite.  Calcite from the eudialyte syenite contains up to 0.17 wt.% BaO, 0.47 wt.% MgO, and
0.28 wt.% Sc2O3, but it is Zn-free.
160
Feldspar-Aegirine Dikes
Calcite is found as a trace mineral in the feldspar-aegirine dikes as interstitial masses
composed of a mosaic of hexagonal prismatic crystals.  Individual crystals measure up to 250 μm
in diameter and 3 mm in length.  Overall, the crystals form masses up to about 5 mm in length,
intergrown with ancylite-(Ce) and associated with microcline and pyrophanite.  Identification
was on the basis of EDS analysis and optical properties (habit, variable relief, and δ  0.15).
Representative analyses of calcite from the feldspar-aegirine dikes are listed in TABLE 20.
Most calcite from the feldspar-aegirine dikes plots near end-member calcite (Figure 71) but
contains up to 7 mol% rhodochrosite.  Calcite from the feldspar-aegirine dikes contains up to
0.22 wt.% BaO  and 0.36 wt.% Sc2O3, but it is Mg- and Zn-free.
Annite Lamprophyre
Calcite is found as a minor mineral in the annite lamprophyre.  It is the subordinate
member of the pair of groundmass minerals, the major member being natrolite, and occurs as
subhedral to euhedral, equant rhombohedral crystals, individually to 0.5 mm and in clusters to 4
mm in their maximum dimension.  The primary association involving calcite in the annite
lamprophyre is that with natrolite; it is also commonly seen with apatite.  Calcite also
uncommonly occurs, infilling cavities in annite.  Identification was on the basis of EDS and
EMP analyses, as well as on optical properties (habit, variable relief, uniaxial, and δ  0.15).
Representative analyses of calcite from the annite lamprophyre are listed in TABLE 21.
Calcite from the annite lamprophyre (Figure 72) contains up to 12 mol% rhodochrosite and 1
mol% siderite.  Calcite from the annite lamprophyre is variably-enriched in Zn up to 1.24 wt.%
ZnO.
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TABLE 20 – Representative electron microprobe analyses of calcite – Feldspar-Aegirine Dikes
Lithology: Feldspar-Aegirine Dikes
Sample: MSH-B-3
Target: 7b 8d
SiO2 (wt.%) 0.11 0.29
P2O5 0.70 0.09
Al2O3 0.54 0.76
Sc2O3 0.36 0.00
FeO 0.01 0.00
MnO 4.13 0.24
MgO 0.00 0.00
ZnO 0.00 0.00
CaO 42.56 44.20
BaO 0.22 0.00
Na2O 0.00 0.00
K2O 0.00 0.00
CO2* 38.32 36.39
SUM 86.95 81.98
Cations
Si 0.002 0.006
P 0.011 0.002
Al 0.012 0.018
Sc 0.006 0.000
Fe2+ 0.000 0.000
Mn2+ 0.067 0.004
Mg 0.000 0.000
Zn 0.000 0.000
Ca 0.872 0.953
Ba 0.002 0.000
K 0.000 0.000
Na 0.000 0.000
23CO 1.000 1.000
Normalized to 3 oxygen apfu
na = not analyzed
*CO2 calculated to make 1 23CO pfu
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FIGURE 71 – Calcite compositions – Feldspar-Aegirine Dikes
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TABLE 21 – Representative electron microprobe analyses of calcite – Annite Lamprophyre
Lithology: Annite Lamprophyre
Sample: MSH-B-6
Target: 3f 7g2 12b
SiO2 (wt.%) 0.01 0.00 0.00
P2O5 na na 0.00
Al2O3 0.00 0.00 0.00
Sc2O3 na na na
FeO 1.00 0.07 0.83
MnO 3.45 8.36 2.56
MgO 0.00 0.18 0.00
ZnO 0.00 na 1.24
CaO 50.18 47.44 51.58
BaO na na na
Na2O 0.00 0.00 0.00
K2O 0.03 0.00 0.00
CO2* 42.16 42.65 43.24
SUM 96.83 98.69 99.44
Cations
Si 0.000 0.000 0.000
P na na 0.000
Al 0.000 0.000 0.000
Sc na na na
Fe2+ 0.015 0.001 0.012
Mn2+ 0.051 0.122 0.037
Mg 0.000 0.005 0.000
Zn 0.000 na 0.015
Ca 0.934 0.873 0.936
Ba na na na
K 0.001 0.000 0.000
Na 0.000 0.000 0.000
23CO 1.000 1.000 1.000
Normalized to 3 oxygen apfu
na = not analyzed
*CO2 calculated to make 1 23CO pfu
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FIGURE 72 – Calcite compositions – Annite Lamprophyre
Dawsonite
NaAl(CO3)(OH)2
Type 2 Nepheline Leucosyenite
Dawsonite occurs as a minor mineral in the Type 2 nepheline leucosyenite.  It is found as
masses of granular to fibrous anhedral crystals forming irregular patches and rims on or stringers
through natrolite, itself formed through alteration of sodalite pseudomorphs after nepheline.
Dawsonite also occurs in the form of rinds surrounding natrolite masses.  Several such
occurrences of dawsonite contain or are adjacent to a void, indicating the presence of a cavity or
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a fissure. Identification was made primarily on the basis of EDS analysis, as the strictly Na-Al
signature is quite distinctive.  Identification was supported by the association, as well as by
optical properties (habit and δ  0.11). Electron microprobe analyses of dawsonite were
problematic, owing to the beam-sensitive nature of the mineral.  Sodium loss was immediately
evident upon recalculation, with Na site-occupancy averaging only about 28% of ideal.
Texturally, dawsonite is clearly one of the last phases to crystallize in the East Hill suite.
The stability of dawsonite is influenced not only by temperature but also by pH,
2SiOa , 2COf and
the ratio of Naa to Ha . The stability fields of albite and kaolinite expand at the expense of
dawsonite with increasing temperature (Figure 73) and silica activity, with the most favorable
FIGURE 73 – Phase relations of dawsonite and associated phases in log Naa / Ha – log 2SiOa space. (Hellevang et
al. 2009)
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temperature range for dawsonite formation between 75-110°C. Although it is clear from the
phase diagrams in FIGURE 73 that silica activity does not strongly shift the phase boundaries for
dawsonite at different temperatures, silica competes with dawsonite as temperature increases by
removing sodium and aluminum from the system to form albite or kaolinite. Dawsonite
crystallization is also favored by a higher Naa / Ha ratio and increased 2COf , the effect of
which on the phase boundaries of dawsonite (Figure 74) is substantially stronger than that of
2SiOa . (Hellevang et al. 2004 & 2009)
FIGURE 74 – Phase relations of dawsonite and associated phases in log Naa / Ha – log 2COf space. Diagonal lines
represent formation water compositions. (Hellevang 2006)
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No geochemical data exists for the stability boundaries of dawsonite with respect to
natrolite, but for a solution with a pH of 4.8 at 100°C with Naa = 1, 2COf must be at least 52 bar
to form dawsonite at the expense of kaolinite; with Naa = 0.158, 2COf must be at least 330 bar.
Formation of dawsonite at the expense of albite is independent of the Naa / Ha ratio; for a
solution with a pH of 4.8 at 100°C,
2COf must be at least 4 bar to form dawsonite at the expense
of albite. (Marini 2007) Thus, for dawsonite-producing reactions that depend on Naa / Ha , a
higher Naa results in a lower minimum 2COf ; nevertheless, the 2COf must remain relatively
high to stabilize dawsonite.
Not only does dawsonite require a relatively high
2COf , the presence of carbon dioxide in
the system must not diminish in systems with high aqueous flux or the dawsonite will quickly
destabilize in favor of kaolinite. (Hellevang et al. 2005)  Although the East Hill suite was open to
fluid flow during crystallization, there is no evidence that a high
2COf was maintained following
crystallization, indicating that the system closed once cooling was complete.
Besides these factors, the crystallization of dawsonite relies on the presence of dissolved
aluminum, the paucity of which in neutral hydrothermal fluids forces dawsonite to rely on
dissolution of aluminosilicates, such as natrolite, indicating that dawsonite crystallization can
only effectively occur within a narrow pH range. (Hellevang 2006) Furthermore, the availability
of dissolved aluminosilicate components governs the total amount of dawsonite formed in a
system, not the rate of formation of dawsonite. (Xu et al. 2005)  Therefore, the crystallization
conditions of dawsonite in the East Hill suite will be closely related to the stability field of
natrolite, its chief source of materiel.
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DECLERCQ ET AL. (2009) show that dawsonite stability is favored by an alkaline
environment. Solubility increases rapidly as pH decreases from pH = 4 but is essentially
independent of pH for 4 < pH < 7; solubility decreases as pH increases from pH = 8. Natrolite
stability is favored by an acidic environment (Sinkankas 1961; Eitel 1964), and it destabilizes in
an alkaline environment; absent any other changes in fluid chemistry, the fluid shifts into the
stability field of analcime. (Eitel 1964) This indicates that the pH of the fluids that altered
natrolite to dawsonite would have had a pH close to 7 to have inhibited analcime crystallization.
For natrolite to have remained stable, the
2SiOa of the fluids must have remained below
10–3.5 to 10–3 (Figure 75) over the presumed dawsonite crystallization temperature range.  This is
FIGURE 75 – Phase relations of natrolite and associated phases in log Naa – log 2SiOa space. (Chipera & Bish
1997)
coincident with the upper
2SiOa stability field limit of dawsonite for the same temperature range.
Assuming that the stability field of natrolite more resembles that of albite than that of kaolinite,
2COf would have been at least 100 for the dawsonite temperature range. For natrolite to have
remained stable, the Naa of the fluids must not have been far below 100 (Figure 75), considering
a minor thomsonite component in the East Hill suite natrolite (q.v.), over the presumed
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dawsonite crystallization temperature range.  Nahcolite is not present in the mineral assemblage
of the East Hill suite; therefore, the Naa / Ha ratio of the dawsonite-forming fluids (Figure 73)
must have been below 106.5.  The minimum Naa / Ha ratio for dawsonite stability is 104.5.  The
previous pH estimate corresponds to an Ha  10–7, meaning that Naa must have been close to
100 to satisfy both the Naa limit of the natrolite stability field and the Naa / Ha ratio.
Rhodochrosite
MnCO3
Annite Lamprophyre
Rhodochrosite occurs as a rare mineral in the annite lamprophyre.  It is found as granular
masses of subhedral, skeletal (corroded?) crystals, individually to 20 μm.  These are associated
with calcite, apatite, petarasite, and natrolite.  Identification was on the basis of EDS and EMP
analyses, as well as on optical properties (δ  0.20).
A representative analysis of rhodochrosite from the annite lamprophyre is listed in TABLE
22. Rhodochrosite from the annite lamprophyre (Figure 76) contains up to 11 mol% siderite, 7
mol% calcite, and 3 mol% magnesite. Rhodochrosite from the annite lamprophyre contains up
to 1.06 wt.% MgO.
For the presumed 2Of conditions of the East Hill suite, below the HM buffer, the upper
thermal stability limit (Figure 78) of rhodochrosite at 2 kbar pressure is approximately 400-
800°C. (Huebner 1969)  Rhodochrosite from the annite lamprophyre shows no signs of alteration
to manganese oxides, so crystallization occurred within or below this temperature range.
TABLE 22 – Representative electron microprobe analysis of rhodochrosite – Annite Lamprophyre
Lithology: Annite Lamprophyre
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Sample: MSH-B-6
Target: 4mo
SiO2 (wt.%) 0.16
P2O5 na
Al2O3 0.12
Sc2O3 na
FeO 6.66
MnO 46.39
MgO 1.06
ZnO 0.00
CaO 3.08
BaO na
Na2O 0.36
K2O 0.00
CO2* 37.08
SUM 94.91
Cations
Si 0.003
P na
Al 0.003
Sc na
Fe2+ 0.110
Mn2+ 0.776
Mg 0.031
Zn 0.000
Ca 0.065
Ba na
K 0.000
Na 0.014
23CO 1.000
Normalized to 3 oxygen apfu
na = not analyzed
*CO2 calculated to make 1 23CO pfu
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FIGURE 76 – Rhodochrosite composition – Annite Lamprophyre
Siderite
FeCO3
Type 2 nepheline leucosyenite
Siderite is present as a minor mineral in the Type 2 nepheline leucosyenite as yellow-tan,
resinous, euhedral to subhedral rhombohedral crystals to 5 mm in their maximum dimension.
They are generally found randomly in matrix, but are also found associated in particular with
sodalite-natrolite-dawsonite associations.  Siderite is also seen as an intergrowth/overgrowth
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TABLE 23 – Representative electron microprobe analyses of siderite – Type 2 Nepheline Leucosyenite
Lithology: Type 2 Nepheline Leucosyenite
Sample: MSH-B-4
Target: 7m 10d 11g
SiO2 (wt.%) 0.03 0.26 0.07
P2O5 0.04 0.18 0.02
Al2O3 0.00 0.32 0.09
Sc2O3 na na na
FeO 30.65 44.56 40.10
MnO 9.35 11.87 18.88
MgO 0.20 0.27 0.44
ZnO 0.48 0.37 0.35
CaO 15.35 0.25 0.44
BaO 0.00 0.00 0.00
Na2O 0.02 0.00 0.11
K2O 0.00 0.00 0.00
CO2* 37.22 36.44 37.61
SUM 93.34 94.53 98.10
Cations
Si 0.001 0.005 0.001
P 0.001 0.003 0.000
Al 0.000 0.008 0.002
Sc na na na
Fe2+ 0.504 0.749 0.653
Mn2+ 0.156 0.202 0.312
Mg 0.006 0.008 0.013
Zn 0.007 0.005 0.005
Ca 0.324 0.005 0.009
Ba 0.000 0.000 0.000
K 0.000 0.000 0.000
Na 0.001 0.000 0.004
23CO 1.000 1.000 1.000
Normalized to 3 oxygen apfu
na = not analyzed
*CO2 calculated to make 1 23CO pfu
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FIGURE 77 – Siderite compositions – Type 2 Nepheline Leucosyenite
with calcite, associated with natrolite and sodalite. Besides macroscopic physical properties,
identification was supported by EDS and EMP analyses and optical properties (uniaxial and
δ  0.23).
Representative analyses of siderite from the Type 2 nepheline leucosyenite are listed in
TABLE 23. Siderite from the Type 2 nepheline leucosyenite (Figure 77) contains up to 32 mol%
calcite and 16 mol% rhodochrosite.  Siderite from the Type 2 nepheline leucosyenite is enriched
in Mn and Zn up to 18.88 wt.% MnO and 0.50 wt.% ZnO.
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The upper stability limits of siderite in p-T space under low 2Of conditions are defined
by the reaction (Chai & Navrotsky 1994),
siderite + hematite ↔ magnetite + CO2
The initial assemblage need not contain hematite, as it may be formed via decomposition of
siderite (Chang & Ahmad 1982),
FeCO3 → n FeO + CO2
n FeO + ¼ O2 → ½ Fe2O3
As should be readily apparent, the yield of FeO from the first step of decomposition is non-
stoichiometric. (Chai & Navrotsky 1994) For the pressure range of the East Hill suite, 1 to 2.5
kbar, the ideal upper thermal stability limit (Figure 78) of siderite is approximately 425-450°C.
FIGURE 78 – Stability fields in 2Of -T space of calcite, rhodochrosite, and siderite at 2 kbar. (Huebner 1969)
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Since the siderite in the Type 2 nepheline leucosyenite contains such a large proportion of
MnO, however, the actual upper thermal stability limit is probably higher because substitution of
divalent manganese expands the siderite stability field. (Huebner 1969)  Siderite compositions
contain up to about 25 mol% rhodochrosite, which, by extrapolation (Figure 78), suggests that
the upper thermal limit could be as high as approximately 500°C.
The siderite in the Type 2 nepheline leucosyenite shows no sign of alteration to hematite
or magnetite, indicating that it crystallized below that temperature range. This also points to the
oxygen fugacity at the time of crystallization, less than 10-22 bar.
RARE-EARTH CARBONATES
Ancylite-(Ce)
(Sr,Ca)Ce(CO3)2(OH) · H2O
Eudialyte Syenite
Ancylite-(Ce) occurs in the eudialyte syenite as a rare mineral.  It is present as subhedral,
equant to anhedral grains to 60 μm in their maximum dimension.  They are typically found in
association with microcline, fluorite, gaidonnayite, and a eudialyte group mineral.  Identification
was made primarily on the basis of EDS analysis.  Ancylite-(Ce) is distinctive in EDS analyses
with respect to other rare-earth carbonates in that its spectrum reveals the presence of Sr.
Therefore, the presence of Sr and La or Ce, with or without Ca, in an EDS spectrum is strong
evidence that the sample is ancylite.  Supporting evidence was derived from examination in the
petrographic microscope (biaxial and δ  0.12).
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Feldspar-Aegirine Dikes
Ancylite-(Ce) occurs in the feldspar-aegirine dikes as a trace mineral.  It is seen as
anhedral grains to 10 m and as irregular polycrystalline veins and stringers that may reach 1.5
mm in length and 0.5 mm in width.  It is found intergrown with calcite and associated with
pyrophanite.  Identification was on the basis of EDS analysis, as in the case of ancylite-(Ce) from
the eudialyte syenite.
Calcioancylite-(Ce)
(Ca,Sr)Ce3(CO3)4(OH)3 · H2O
Type 3 Nepheline Leucosyenite
Calcioancylite-(Ce) is a rare mineral in the Type 3 nepheline leucosyenite.  It was found
as an anhedral, elongate crystal 10 μm wide by 30 μm long.  It is enclosed by a sodalite
pseudomorph after nepheline.  Identification was based on EDS analysis.  Calcioancylite-(Ce) is
distinguishable from other rare-earth carbonates in EDS by the presence of Sr (confirmed at 25
kV) in the spectrum.  The specimen is too small to determine reliable optical properties.
Eudialyte Syenite
Calcioancylite-(Ce) is found as a rare mineral in the eudialyte syenite.  It occurs as
anhedral, equant crystals to 10 μm in maximum dimension.  They are found in association with
albite, microcline, natrolite, and gaidonnayite.  Identification was based on EDS analysis.
Calcioancylite-(Ce) is distinguishable from other rare-earth carbonates in EDS by the presence of
Sr (confirmed at 25 kV) in the spectrum.  The specimen is too small to determine reliable optical
properties.
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Annite Lamprophyre
Calcioancylite-(Ce) occurs as a rare mineral in the annite lamprophyre.  It is present as
aggregates to 1 mm of anhedral to subhedral individuals, associated with calcite, aegirine,
natrolite, and a zirconosilicate believed to be hilairite.  Identification was based primarily on
EDS analysis.  Calcioancylite-(Ce) is distinguishable from other rare-earth carbonates in EDS by
the presence of Sr (confirmed at 25 kV) in the spectrum.  This tentative conclusion was
supported by examination in the petrographic microscope (biaxial, δ  0.10).
One electron microprobe analysis of calcioancylite-(Ce) from the annite lamprophyre
exhibited a good total but was problematic in recalculation. This specimen contains 30.12 wt.%
Ce2O3 but also 10.16 wt.% La2O3.
Synchysite-(Ce)
Ca(Ce,La)(CO3)2F
Type 2 nepheline leucosyenite
Synchysite-(Ce) has been tentatively identified as a rare mineral in the Type 2 nepheline
leucosyenite.  It occurs as a granular mass of anhedral crystals, measuring about 150 μm,
occupying a void space with dawsonite.  A second specimen of possible synchysite-(Ce) occurs
as delicate, tuft-like needles to 5 μm, penetrating natrolite, associated with sodalite
pseudomorphs after nepheline and dawsonite, and, possibly thorogummite.  Several other
minuscule grains occur randomly through the body of the rock, embedded in sodalite or
microcline.  These have a maximum dimension of 5-10 μm.  Identification was primarily based
on EDS analysis, in which solely Ca and Ce are present in the spectrum.  The absence of Sr
indicates that the specimen is not likely calcioancylite-(Ce), and the absence of Ba indicates that
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the specimen is not likely cordylite-(Ce).  Parisite-(Ce), Ca(Ce,La)2(CO3)3F2, would have the
same spectrum, in terms of chemistry, but has a Ca:Ce ratio of 1:2.  The EDS spectrum for this
sample showed a Ca:Ce ratio of about 1:1, matching that of synchysite-(Ce).  Identification was
supported by examination with the petrographic microscope (δ  0.09).
Annite Lamprophyre
Synchysite-(Ce) has been tentatively identified in the annite lamprophyre.  It occurs as
ragged patches and stringers to 50 μm in their maximum dimension.  These masses are enclosed
by calcite and gaidonnayite.  It is also found as an irregular mass to 15 μm, associated with
rhabdophane-(Ce), rhodochrosite, and possibly gaidonnayite.  Identification was on the same
basis as above.
East Hill Suite Rare-Earth Carbonates
In a general sense, ancylite-(Ce) is decidedly more common than calcioancylite-(Ce), the
latter only being reported from a handful of localities and typically associated with sulfide
mineralization. (Zaitsev & Chakhmouradian 2002)
Rare-earth carbonates typically occur as late-stage or hydrothermal phases.
(Chakhmouradian & Zaitsev 2002; Zaitsev & Chakhmouradian 2002; Chakhmouradian 2004)
ZAITSEV &CHAKHMOURADIAN (2002) estimate a crystallization temperature range of 200-
250°C for ancylite-(Ce) and calcioancylite-(Ce) in the Khibina complex. ZAITSEV (1996) reports
an equilibration temperature range of 285-330 ± 15°C for synchysite-(Ce) in the Khibina
complex. Electron microprobe analyses of rare-earth carbonates were problematic, with almost
universally low totals (< 35 wt.%) due to excessive beam sensitivity.
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FELDSPARGROUP
Alkali Feldspar Group
Albite, NaAlSi3O8
Microcline & Orthoclase, KAlSi3O8
Nepheline Melasyenite
Albite is a major mineral in the nepheline melasyenite, in which it is found in three
forms.  The first type is seen as colorless (when transparent) to light grey (when opaque),
irregular patches in cryptoperthitic orthoclase. Well-defined albite twinning is visible, and
compositional estimates via the Michel-Lévy method put the composition between ab90an10 and
ab95an5, based on maximum extinction angles between 10 and 15º, with a biaxial positive optic
sign.  These measurements are consistent with electron microprobe data for the same areas.
The second form of albite in the nepheline melasyenite is as pale grey overgrowths on
orthoclase.  These overgrowths are up to 0.5 mm thick on orthoclase laths up to 3.0 mm in width.
The overgrowths have a patchy appearance in thin section, but have locally well-defined albite
twinning.
The third type of albite in the nepheline melasyenite is seen as colorless (when
transparent) to light grey or white (when opaque), anhedral crystals, interstitial to orthoclase,
nepheline, titanite, and amphibole.  Some such crystals exhibit albite twinning that is continuous
across the crystal; although the twin lamellae are low in contrast to one another and are diffuse.
Representative analyses of albite are listed in TABLE 24. Primary albite from the
nepheline melasyenite plots near end member albite (Figure 79); compositions run from about
ab94or1an5, leaning towards the plagioclase series, to ab99or1.  Numerous analyses of alkali
feldspar from the nepheline melasyenite plot in intermediate compositions, from approximately
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ab30or70 to ab90or10, with multiple compositions plotting near ab65or35 to ab85or15.  These are
interpreted to be analyses of cryptoperthite that has experienced little to no unmixing.  Iron is
present as a minor trace element, strictly by analysis up to 1.05 wt.% FeO with three other
analyses at 0.41, 0.47, and 0.62 wt.% FeO.  These analyses, however, stand out considerably
from most, which range between 0.00 and 0.19 wt.% FeO.  This distribution suggests that FeO
substitutes reliably up to about 0.20 wt.% and that significantly higher quantities are probably the
result of mechanical contamination by secondary iron oxide/oxyhydroxides.
Orthoclase is a major mineral in the nepheline melasyenite.  It is present as light grey,
translucent and vitreous to opaque and porcelaneous, prismatic, euhedral to subhedral perthitic
crystals to 10 mm in length by 6 mm in width; many individuals are phenocrysts. No twinning is
visible, but most crystals are cryptoperthitic. Many crystals are overgrown by albite. Individuals
of orthoclase in this syenite are generally free of inclusions, but some crystals poikilitically
enclose magnetite, aegirine-augite, fluorapatite, låvenite, fluorite, and titanite.
Much of the orthoclase from the nepheline melasyenite has experienced exsolution of
albite and at least partial albitization.  Therefore, it is more meaningful to describe compositions
of crystals or portions of crystals that have not been affected by those processes.  Representative
analyses of orthoclase are listed in TABLE 24.  Unaltered orthoclase plots near end-member K-
feldspar, between ab6or94 and or100 (Figure 79).  Such orthoclase exhibits virtually no deviation
towards anorthite.  As was noted in the discussion of albite in the nepheline melasyenite,
intermediate compositions past about 10 mol% albite are interpreted as analyses of incompletely
unmixed cryptoperthite.  Orthoclase in the nepheline melasyenite contains iron as a trace
element, reliably up to about 0.15 wt.% FeO.
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TABLE 24 – Representative electron microprobe analyses of alkali feldspar – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 5c 12n 11c 11e 4c 3j
SiO2 (wt.%) 66.67 67.46 64.76 64.03 67.59 64.67
P2O5 na na na na na na
Al2O3 20.88 20.46 19.30 19.08 20.62 19.17
Sc2O3 na na na na na na
FeO 0.19 0.13 0.02 0.00 0.07 0.17
CaO 0.31 0.24 0.01 0.00 0.03 0.00
BaO na na na na na na
Na2O 11.33 11.93 0.14 0.00 8.90 3.23
K2O 0.19 0.17 16.34 16.24 4.49 11.17
SUM 99.57 100.39 100.58 99.34 101.70 98.41
Cations
Si 2.933 2.947 2.974 2.976 2.951 2.980
P na na na na na na
Al 1.083 1.054 1.044 1.045 1.061 1.041
Sc na na na na na na
Fe2+ 0.007 0.005 0.001 0.000 0.003 0.007
Ca 0.014 0.011 0.001 0.000 0.001 0.000
Ba na na na na na na
K 0.010 0.009 0.957 0.962 0.250 0.657
Na 0.966 1.010 0.013 0.000 0.753 0.288
or 1.06 0.92 98.62 100.00 24.88 69.50
ab 97.49 97.98 1.32 0.00 74.98 30.50
an 1.45 1.10 0.06 0.00 0.15 0.00
cn na na na na na na
Normalized to 8 oxygen apfu
na = not analyzed
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FIGURE 79 – Alkali feldspar compositions – Nepheline Melasyenite
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Type 1 Nepheline Leucosyenite
Albite is a minor mineral in the Type 1 nepheline leucosyenite.  It is found as irregular
exsolution zones within and ragged alteration rims on microcline cryptoperthite.  The albite
appears white in hand specimen and is colorless and transparent in thin section. Exsolution
zones may be up to about 200 μm in maximum dimension, and alteration rims are generally
about 100 μm thick. Zones exhibit sharp to diffuse albite twinning, but rims are untwinned.
Representative analyses of albite are listed in TABLE 25.  Albite from the Type 1
nepheline leucosyenite ranges in composition from ab94or6 to ab98or2 (Figure 80).  Intermediate
compositions, near ab60or40, are analyses of incompletely unmixed cryptoperthite.  Barium
occurs as a trace element up to 0.20 wt.% BaO, and iron up to 0.23 wt.% FeO.
Microcline is a major mineral in the Type 1 nepheline leucosyenite.  It occurs as
porcelaneous, white to pale grey, euhedral to subhedral prismatic crystals to 4 mm width by 10
mm length.  Laths are opaque with a dull vitreous luster.  In thin section, microcline exhibits
slight albitization (about 10%) along crystal margins and is cryptoperthitic.  The microcline
appears clouded and moth-eaten, especially directly adjacent to albite reaction rims; the centers
of microcline crystals are generally less turbid.  No coherent twinning is visible, save for a few
crystals that exhibit what might be degraded M-twinning.  Microcline in the Type 1 nepheline
leucosyenite is nearly devoid of inclusions, except for minuscule crystals of aegirine and of trace
and rare minerals, such as sérandite or pyrochlore.
Representative analyses of microcline are listed in TABLE 25.  Microcline from the Type
1 nepheline leucosyenite ranges in composition from ab4or96 to ab2or98 (Figure 80).  Barium is
present as a trace element up to 0.10 wt.% BaO, and iron substitutes up to 0.16 wt.% FeO.
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TABLE 25 – Representative electron microprobe analyses of alkali feldspar – Type 1 Nepheline Leucosyenite
Lithology: Type 1 Nepheline Leucosyenite
Sample: MSH-B-14
Target: 2a 2e 3a 7d 1b 1c
SiO2 (wt.%) 68.02 64.96 63.03 61.78 62.69 61.90
P2O5 0.00 0.00 0.09 na 0.00 0.00
Al2O3 19.60 18.86 19.49 17.90 18.42 18.21
Sc2O3 na na na na na na
FeO 0.23 0.11 0.03 0.16 0.11 0.17
CaO 0.00 0.00 0.00 0.00 0.00 0.00
BaO 0.17 0.00 0.00 na 0.20 0.04
Na2O 13.66 12.49 0.27 0.23 7.89 7.80
K2O 0.31 1.15 17.72 19.66 7.62 7.47
SUM 102.00 97.57 100.62 99.73 96.94 95.59
Cations
Si 2.951 2.949 2.927 2.940 2.939 2.939
P 0.000 0.000 0.004 na 0.000 0.000
Al 1.002 1.009 1.066 1.004 1.018 1.019
Sc na na na na na na
Fe2+ 0.008 0.004 0.001 0.006 0.004 0.007
Ca 0.000 0.000 0.000 0.000 0.000 0.000
Ba 0.003 0.000 0.000 na 0.004 0.001
K 0.017 0.067 1.049 1.194 0.455 0.453
Na 1.149 1.099 0.024 0.022 0.717 0.718
or 1.47 5.71 97.74 98.22 38.73 38.63
ab 98.28 94.29 2.26 1.78 60.95 61.31
an 0.00 0.00 0.00 0.00 0.00 0.00
cn 0.25 0.00 0.00 na 0.32 0.07
Normalized to 8 oxygen apfu
na = not analyzed
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FIGURE 80 – Alkali feldspar compositions – Type 1 Nepheline Leucosyenite
186
Type 2 Nepheline Leucosyenite
Albite is a major mineral in the Type 2 nepheline leucosyenite.  It occurs primarily as
white, translucent, euhedral mm-scale laths.  Such crystals generally have a fresh surface
appearance.  They are found as subhedral to euhedral single crystals, intergrown in random
orientations with microcline, as well as in the form of aggregates with no particular association.
Albite also occurs in this syenite as irregular zones in microcline cryptoperthite.
Representative analyses of albite are listed in TABLE 26. Most albite from the Type 2
nepheline leucosyenite plots near end member albite (Figure 81), running from about ab94or6 to
ab100.  Some analyses of alkali feldspar from the nepheline syenite plot in intermediate
compositions, in contrast to the bulk of analyses, which are near-end-member albite or
microcline.  These are interpreted to be analyses of partially unmixed cryptoperthite.  Barium,
iron, and phosphorus act as trace elements up to 0.02 wt.% BaO, 0.27 wt.% FeO, and 0.29 wt.%
P2O5, respectively.
Microcline occurs as a major mineral in the Type 2 nepheline leucosyenite.  It is present
as dull, white euhedral to subhedral laths to 4 mm in length.  Many crystals have a chalky
appearance and are opaque.  Examination in thin-section and with the SEM reveals that this is
due to cryptoperthitic exsolution and slight albitization. The microcline commonly encloses
randomly oriented laths of primary albite.
Representative analyses of microcline are listed in TABLE 26.  Most microcline from the
Type 2 nepheline leucosyenite is near end-member in composition (Figure 81), ranging from
about ab3or97 to or100.  As was the case with albite, some analyses plot to intermediate
compositions.  These are similarly interpreted as partially unmixed cryptoperthite.  Barium is
present up to 0.01 wt.% BaO, iron up to 0.12 wt.% FeO, and phosphorus up to 0.24 wt.% P2O5.
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TABLE 26 – Representative electron microprobe analyses of alkali feldspar – Type 2 Nepheline Leucosyenite
Lithology: Type 2 Nepheline Leucosyenite
Sample: MSH-B-4
Target: 2b 9b 4a 21a 1a 2a
SiO2 (wt.%) 68.04 67.64 62.30 62.99 58.86 68.15
P2O5 0.03 0.00 0.24 0.04 0.00 0.00
Al2O3 19.75 19.53 18.51 19.89 22.32 19.70
Sc2O3 na na na na na na
FeO 0.06 0.08 0.01 0.00 0.12 0.06
CaO 0.00 0.00 0.00 0.00 0.03 0.00
BaO 0.00 0.00 0.00 0.00 0.00 0.01
Na2O 12.57 12.36 0.08 0.27 3.67 10.75
K2O 0.17 0.11 17.88 16.18 10.40 2.50
SUM 100.62 99.71 99.01 99.37 95.40 101.17
Cations
Si 2.968 2.974 2.944 2.933 2.811 2.976
P 0.001 0.000 0.009 0.002 0.000 0.000
Al 1.016 1.012 1.031 1.091 1.256 1.014
Sc na na na na na na
Fe2+ 0.002 0.003 0.000 0.000 0.005 0.002
Ca 0.000 0.000 0.000 0.000 0.001 0.000
Ba 0.000 0.000 0.000 0.000 0.000 0.000
K 0.010 0.006 1.078 0.961 0.634 0.139
Na 1.063 1.054 0.007 0.024 0.340 0.910
or 0.89 0.56 99.34 97.52 64.98 13.26
ab 99.11 99.44 0.66 2.48 34.87 86.73
an 0.00 0.00 0.00 0.00 0.15 0.00
cn 0.00 0.00 0.00 0.00 0.00 0.01
Normalized to 8 oxygen apfu
na = not analyzed
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FIGURE 81 – Alkali feldspar compositions – Type 2 Nepheline Leucosyenite
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Type 3 Nepheline Leucosyenite
Albite is found as a minor mineral in the Type 3 nepheline leucosyenite.  It occurs as
irregular zones in cryptoperthitic microcline, which is itself partially albitized. Exsolution zones
and albitization are evident in backscattered electron images in the SEM and from electron
microprobe analyses, but they are, by and large, not obvious from examination with the
petrographic microscope. Although albitized areas appear corroded, microcline in the Type 3
nepheline leucosyenite is generally corroded whether it is albitized or not, so making a visual
distinction between albitization and simple corrosion is unreliable. Exsolution zones exhibit
diffuse albite twinning.
No reliable electron microprobe analyses were collected of albite from the Type 3
nepheline leucosyenite.  Albitized portions of microcline were too altered to yield good totals.
Microcline is a major mineral in the Type 3 nepheline leucosyenite.  It is found as white,
euhedral, prismatic cryptoperthitic crystals to 0.5 mm wide by 2 mm long.  In thin section, they
appear clouded and corroded. No twinning is visible in microcline in the Type 3 nepheline
leucosyenite.
This mode of occurrence of microcline grades into macroscopic, weakly banded,
colloform intergrowths with sodalite pseudomorphs after nepheline.  Examination in thin section
reveals that the crystals of microcline are smaller than those that occur outside of colloform
regions, averaging about 150 μm wide by 250 μm long.
Representative analyses of microcline are listed in TABLE 27.  Microcline from the Type
3 nepheline leucosyenite plots near end-member microcline, with compositions from ab2or98 to
ab1or99 (Figure 82).  Barium is present as a trace element up to 0.10 wt.% BaO.
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TABLE 27 – Representative electron microprobe analyses of alkali feldspar – Type 3 Nepheline Leucosyenite
Lithology: Type 3 Nepheline Leucosyenite
Sample: MSH-B-10
Target: 1b 1e 2a
SiO2 (wt.%) 60.78 60.38 63.26
P2O5 0.00 0.00 0.00
Al2O3 17.39 17.68 18.08
Sc2O3 na na na
FeO 0.00 0.00 0.01
CaO 0.00 0.00 0.00
BaO 0.10 0.00 0.00
Na2O 0.15 0.09 0.18
K2O 17.50 16.99 17.67
SUM 95.91 95.14 99.21
Cations
Si 2.971 2.965 2.978
P 0.000 0.000 0.000
Al 1.002 1.023 1.003
Sc na na na
Fe2+ 0.000 0.000 0.001
Ca 0.000 0.000 0.000
Ba 0.002 0.000 0.000
K 1.091 1.064 1.061
Na 0.014 0.009 0.017
or 98.57 99.17 98.46
ab 1.27 0.83 1.54
an 0.00 0.00 0.00
cn 0.16 0.00 0.00
Normalized to 8 oxygen apfu
na = not analyzed
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FIGURE 82 – Alkali feldspar compositions – Type 3 Nepheline Leucosyenite
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Eudialyte Syenite
Albite occurs as a trace mineral in the eudialyte syenite in two habits and occurrences.  In
both cases, it is only readily visible in thin-section.  Firstly, it is present as isolated subhedral
laths to 0.5 mm in length, randomly oriented in and enclosed by microcline.  Secondly, it occurs
as stellate or plumose clusters, interstitial to other phases.
Representative analyses of albite are listed in TABLES 28 & 29.  Albite from the eudialyte
syenite is entirely end-member albite (Figure 83), from about ab96or4 to ab100.  One analysis
shows a small (approximately 1 mol%) deviation towards anorthite.  Albite from the eudialyte
syenite contains scandium in remarkable quantity, up to 0.35 wt% Sc2O3.  Barium is present up
to 0.16 wt.% BaO, iron up to 0.21 wt.% FeO, and phosphorus up to 0.10 wt.% P2O5.
Microcline is present as a major mineral in the eudialyte syenite.  It occurs as dull to
vitreous, white to pale grey subhedral to euhedral laths to 10 mm in length (Figure 84).  Most
crystals are opaque, but some are translucent to transparent; some of the more diaphanous
individuals reveal the presence of microperthite.  Opacity is related to the degree of albitization,
as seen by examination in thin-section and with EDS analysis.  Opaque portions of translucent
crystals are concentrated near rims and along fractures and cleavage planes.
Representative analyses of microcline are listed in TABLES 28 & 29.  Microcline analyses
from the eudialyte syenite spread over a larger range than those from other lithologies (Figure
83), probably due to straddling of microperthite lamellae by the electron beam.  Compositions
range from about ab13or87 to or100.  Microcline from the eudialyte syenite contains a large amount
of scandium, with up to 0.35 wt.% Sc2O3.  Other trace elements include barium up to 0.22 wt.%
BaO, iron up to 0.17 wt.% FeO, and phosphorus up to 0.38 wt.% P2O5.
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TABLE 28 – Representative electron microprobe analyses of alkali feldspar – Eudialyte Syenite
Lithology: Eudialyte Syenite
Sample: MSH-B-1
Target: 2a3 16h 1(1)c 11a 1b 3i
SiO2 (wt.%) 66.94 66.83 63.41 64.05 64.92 62.73
P2O5 na na na na na na
Al2O3 19.91 18.98 18.82 18.78 19.63 18.68
Sc2O3 na na na na na na
FeO 0.00 0.12 0.02 0.00 0.01 0.00
CaO 0.00 0.00 0.00 0.00 0.00 0.00
BaO na na na na na na
Na2O 11.49 11.69 0.38 0.33 1.07 1.46
K2O 0.14 0.10 16.89 17.39 15.93 14.37
SUM 98.48 97.71 99.52 100.54 101.55 97.24
Cations
Si 2.970 2.992 2.962 2.967 2.955 2.968
P na na na na na na
Al 1.041 1.001 1.036 1.025 1.053 1.042
Sc na na na na na na
Fe2+ 0.000 0.004 0.001 0.000 0.001 0.000
Ca 0.000 0.000 0.000 0.000 0.000 0.000
Ba na na na na na na
K 0.008 0.005 1.007 1.027 0.925 0.867
Na 0.989 1.015 0.034 0.030 0.094 0.134
or 0.78 0.53 96.69 97.20 90.77 86.60
ab 99.22 99.47 3.31 2.80 9.23 13.40
an 0.00 0.00 0.00 0.00 0.00 0.00
cn na na na na na na
Normalized to 8 oxygen apfu
na = not analyzed
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TABLE 29 – Representative electron microprobe analyses of alkali feldspar – Eudialyte Syenite (altered)
Lithology: Eudialyte Syenite (altered)
Sample: MSH-B-2
Target: 2c 6f 3b 4e 6a 14a
SiO2 (wt.%) 68.60 68.68 68.26 61.54 62.74 63.29
P2O5 0.01 0.00 0.00 0.00 0.04 0.10
Al2O3 20.05 20.01 19.31 18.01 18.51 18.53
Sc2O3 0.33 0.00 0.15 0.28 0.00 0.21
FeO 0.19 0.18 0.17 1.70 0.04 0.16
CaO 0.01 0.00 0.00 0.08 0.01 0.00
BaO 0.09 0.02 0.01 0.09 0.15 0.13
Na2O 10.65 11.09 10.54 0.00 0.08 0.00
K2O 0.51 0.57 0.54 19.19 18.98 18.18
SUM 100.44 100.56 98.98 100.89 100.56 100.60
Cations
Si 2.983 2.986 3.008 2.912 2.942 2.951
P 0.000 0.000 0.000 0.000 0.002 0.004
Al 1.028 1.025 1.003 1.004 1.023 1.018
Sc 0.013 0.000 0.006 0.012 0.000 0.009
Fe2+ 0.007 0.007 0.006 0.067 0.002 0.006
Ca 0.001 0.000 0.000 0.004 0.001 0.000
Ba 0.001 0.000 0.000 0.002 0.003 0.002
K 0.028 0.032 0.031 1.159 1.135 1.081
Na 0.898 0.935 0.900 0.000 0.008 0.000
or 3.03 3.28 3.28 99.50 99.04 99.77
ab 96.75 96.68 96.70 0.00 0.66 0.00
an 0.06 0.00 0.00 0.35 0.06 0.00
cn 0.16 0.04 0.02 0.14 0.24 0.23
Normalized to 8 oxygen apfu
na = not analyzed
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FIGURE 83 – Alkali feldspar compositions – Eudialyte Syenite
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FIGURE 84 – Euhedral microcline in miarole, associated with aegirine (black) and eudialyte group mineral (red) –
Eudialyte Syenite (12x)
Feldspar-Aegirine Dikes
Albite is a major mineral in the feldspar-aegirine dikes.  It occurs in two modes.  The first
is as opaque, white, irregular exsolution zones in cryptoperthitic microcline to 5 mm in
maximum dimension.  These zones are, for the most part, clouded and corroded in appearance in
thin section, but portions are translucent and exhibit albite twinning.
The second form of albite is present as euhedral laths to 20 μm wide by 350 μm long,
with one individual 2 mm wide by 3 mm long.  The smaller crystals occur as randomly oriented
inclusions in microcline.  They display sharp albite twinning. The larger crystal is interstitial to
microcline laths, altering in places to natrolite, and includes small crystals of annite and
hematite.
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A representative analysis of albite is listed in TABLE 30.  Albite from the feldspar-
aegirine dikes is near end-member albite (Figure 85), with one analysis plotting at ab97or3.
Phosphorus is present in an unusually high concentration, 0.71 wt.% P2O5; the analysis has a low
total (96.76 %), but no other phases are visible nearby in backscattered electron mode.  Other
trace elements include barium and iron, each with 0.18 wt.% BaO and FeO, respectively.
Microcline is a major mineral in the feldspar-aegirine dikes.  It occurs as pale grey to
white, euhedral, tapering laths to 1 cm in width and 5 cm in length; these crystals are narrower
near the margins of a dike and become wider towards the center.  The microcline is
cryptoperthitic and exhibits signs of corrosion and albitization, being turbid in places in thin
section with a whitish, earthy appearance in hand specimen. No twinning is visible.  Numerous,
randomly oriented laths of albite are included in all portions of the microcline.
Representative analyses of microcline are listed in TABLE 30.  Microcline from the
feldspar-aegirine dikes is nearly end-member microcline (Figure 85), ranging from ab3or97 to
or100.  Barium substitutes up to 0.15 wt.% BaO, iron to 0.18 wt.% FeO, and phosphorus to 0.09
wt.% P2O5.
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TABLE 30 – Representative electron microprobe analyses of alkali feldspar – Feldspar-Aegirine Dikes
Lithology: Feldspar-Aegirine Dikes
Sample: MSH-B-3
Target: 14b 1a 5c 8e 10b 18b
SiO2 (wt.%) 65.22 64.09 61.89 62.15 62.01 63.62
P2O5 0.71 0.09 0.00 0.07 0.04 0.00
Al2O3 19.00 19.01 18.10 18.79 18.11 18.35
Sc2O3 0.00 0.00 0.00 0.00 0.04 0.00
FeO 0.18 0.16 0.03 0.03 0.16 0.18
CaO 0.00 0.00 0.00 0.01 0.00 0.00
BaO 0.18 0.00 0.00 0.03 0.06 0.04
Na2O 11.02 0.00 0.00 0.00 0.00 0.35
K2O 0.45 17.11 18.86 17.49 17.18 17.67
SUM 96.76 100.46 98.89 98.57 97.60 100.21
Cations
Si 2.953 2.963 2.950 2.944 2.965 2.968
P 0.027 0.004 0.000 0.003 0.002 0.000
Al 1.014 1.036 1.017 1.049 1.021 1.009
Sc 0.000 0.000 0.000 0.000 0.002 0.000
Fe2+ 0.007 0.006 0.001 0.001 0.006 0.007
Ca 0.000 0.000 0.000 0.001 0.000 0.000
Ba 0.003 0.000 0.000 0.001 0.001 0.001
K 0.026 1.009 1.147 1.057 1.048 1.052
Na 0.967 0.000 0.000 0.000 0.000 0.032
or 2.61 100.00 100.00 99.89 99.89 97.02
ab 97.07 0.00 0.00 0.00 0.00 2.91
an 0.00 0.00 0.00 0.06 0.00 0.00
cn 0.32 0.00 0.00 0.05 0.11 0.06
Normalized to 8 oxygen apfu
na = not analyzed
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FIGURE 85 – Alkali feldspar compositions – Feldspar-Aegirine Dikes
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East Hill Suite Alkali Feldspars
The structural states of alkali feldspar from the East Hill suite were examined using the
technique of WRIGHT (1968) (Figure 86).  Many analyses lie outside the ideal geometric limits of
the plot.  This variance is attributed to trace-element substitution.  All lithologies for which there
are analyses of both unaltered and altered alkali feldspar exhibit an increase in ordering in the
altered specimens with respect to unaltered specimens, reflecting the influence of fluids on the
structure.
In the nepheline melasyenite, unaltered albite crystals plot near intermediate albite, with a
slight deviation towards K-feldspar; altered crystals plot near low albite.  No useful structural
state analyses of potassium feldspar were obtained from the nepheline melasyenite.  Although
further analyses from the cores of large, relatively pristine alkali feldspar crystals would be
needed for a definitive identification, the albite from unaltered alkali feldspar plots near
intermediate albite, suggesting that the K-feldspar is likely orthoclase.
Analyses of unaltered alkali feldspar from the Type 1 nepheline leucosyenite clearly plot
in the region of maximum microcline, but atomic plane reflection angles deviate below ideal
permissible limits by –0.06º 2 for 042 and by –0.04º 2 for 060.
Analyses of unaltered alkali feldspar from the Type 3 nepheline leucosyenite clearly plot
in the region of maximum microcline, but atomic plane reflection angles deviate below ideal
permissible limits by –0.06º 2 for 042 .
Analyses of unaltered alkali feldspar from the eudialyte syenite clearly plot in the region
of maximum microcline, but atomic plane reflection angles deviate below ideal permissible
limits, in 3 out of 5 analyses, by up to –0.05º 2 for 042 and, in 4 out of 5 analyses, by up to
–0.09º 2 for 060.
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FIGURE 86 – Alkali feldspar structural states – East Hill suite
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Analyses of unaltered and altered alkali feldspar from pegmatites clearly plot in the
region of maximum microcline, but atomic plane reflection angles deviate from ideal permissible
limits by up to –0.05º and +0.04º 2 for 042 and by –0.05º 2 for 060.
Analyses of unaltered and altered alkali feldspar from various syenoids clearly plot in the
region of maximum microcline, but atomic plane reflection angles deviate below ideal
permissible limits by up to –0.07º 2 for 042 and by up to –0.04º 2 for 060.
In the perthite syenite, unaltered Na-feldspar crystals plot between low and intermediate
albite, with a slight deviation towards K-feldspar.  Altered Na-feldspar crystals plot near low
albite.  Unaltered K-feldspar crystals plot near orthoclase.  Altered K-feldspar crystals plot near
maximum microcline.  Atomic plane reflection angles for unaltered Na-feldspar are within ideal
permissible limits; those for altered Na-feldspar deviate from ideal permissible limits by up to
–0.02º 2 for 042 and by up to +0.02º 2 for 060.  Atomic plane reflection angles for unaltered
K-feldspar deviate below ideal permissible limits by up to –0.12º 2 for 042 and by up to –0.02º
2 for 060; those for altered Na-feldspar deviate below ideal permissible limits by up to –0.01º
2 for 042 and by up to –0.05º 2 for 060.
The dominance of cryptoperthitic and microperthitic alkali feldspar phenocrysts in the
East Hill suite indicates the prevalence of low OH2f hypersolvus conditions through early and
middle stages of crystallization. This is supported by alkali feldspar compositions in the
nepheline melasyenite and the Type 1 nepheline leucosyenite, in which partially unmixed alkali
feldspar compositions are restricted to a range of compositions that exclude the ends of the
NaAlSi3O8–KAlSi3O8 join. (Parsons 1978) The dominance of near end-member compositions in
the remaining lithologies indicates that slower cooling allowed for more complete unmixing.
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Late-stage albitization and interstitial albite suggests that OH2f only increased to
saturated, subsolvus conditions near the end of the crystallization history of the major lithologies.
Subsolvus crystallization either indicates that the solvus was elevated by the presence of
anorthite solid solution or by the presence of H2O, which lowers the solidus. (Parsons 1978;
Brown & Parsons 1989) None of the alkali feldspar in the East Hill suite exhibits substantial
substitution by anorthite, so the subsolvus conditions are the result of dissolved H2O in the
magma.
In the nepheline melasyenite cryptoperthite, unmixed potassium feldspar domains
generally contain less than 10 mol% albite. The perthite is present as large, euhedral phenocrysts
indicating that it was one of the first phases to crystallize, and, as discussed above, orthoclase is
presumed to be the initial structural state of the potassium feldspar.
Albite inclusions in perthite are absent in the nepheline melasyenite and the Types 1 and
3 nepheline leucosyenite but are present in the Type 2 nepheline leucosyenite, the eudialyte
syenite, and the feldspar-aegirine dikes.  Referring to FIGURE 87, compositions of unmixed
perthite from the nepheline melasyenite and the Type 1 nepheline leucosyenite closely
correspond to the binary eutectic between albite and orthoclase.  Cooling a composition near this
minimum would generate intermediate-composition alkali feldspar phenocrysts with no
accessory alkali feldspars.  A shift in bulk composition towards albite would result in albite
crystallization at the liquidus, followed by descent to the eutectic and crystallization of one
intermediate-composition alkali feldspar.  Texturally, this would appear as albite phenocrysts
enclosed by perthite.  This indicates that aNa increased during crystallization of the East Hill suite
following crystallization of the nepheline melasyenite and the Type 1 nepheline leucosyenite.
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FIGURE 87 – Phase relations in the system NaAlSi3O8 – KAlSi3O8 for anhydrous conditions at 1 bar (Schairer 1950)
and for hydrous conditions at O2Hp = 0.2 GPa (Bowen & Tuttle 1950) and 0.5 GPa (Yoder et al. 1957;
Morse 1970). (Presnall 1995)
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Continued cooling would cause the composition to depart the solidus until intersecting
the solvus.  Normally, this would result in unmixing, creating perthite.  The presence of
cryptoperthite, however, indicates fluid-mediated exsolution, probably at or below 500°C.
(Parsons & Brown 1988) The presence and ubiquity of cryptoperthite suggest that the East Hill
suite cooled too quickly for solid-state exsolution, although only the nepheline melasyenite
cooled too quickly for solid-state ordering. In the nepheline melasyenite, unaltered albite is
structurally frozen as intermediate albite and so, too, presumably, are unaltered potassium
feldspars frozen as orthoclase; altered albite has ordered to low albite.  In the rest of the suite,
unaltered potassium feldspar is already maximum microcline, indicating solid-state ordering.
Ternary feldspar isotherms (Figure 88) calculated by FUHRMAN&LINDSLEY (1988) show
that alkali feldspars in the nepheline melasyenite commenced crystallization at or below 750°C.
Comparison with FIGURE 87 shows that the alkali feldspar eutectic for OH2p = 2 kbar is at about
775°C.  Evidence suggests, however, that the alkali feldspar in the nepheline melasyenite
crystallized under hypersolvus conditions.  This would elevate the eutectic well above the
crystallization temperatures indicated by the ternary-feldspar isotherms.  The CIPW norm for the
unaltered nepheline melasyenite indicates that it is silica-undersaturated.  Although it does not
point to excess sodium silicate, it appears that fluxing by alkalis depressed the eutectic to the
vicinity of 750°C.
Isotherms further show that alkali feldspar in the remaining lithologies crystallized well
below 750°C; however, they are certainly magmatic in spite of their compositions suggesting
crystallization temperatures below the alkali feldspar solidus.  The most important piece of
textural evidence in this regard is the presence of randomly oriented inclusions of albite and
other silicate phases in perthite. (Wintsch & Aleinikoff 2005)
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FELDSPATHOIDS&ZEOLITES
Analcime
NaAlSi2O6 · H2O
Eudialyte Syenite
Analcime has been tentatively identified as a rare mineral in the eudialyte syenite.  It
occurs in a miarole as a cluster of white, opaque euhedral crystals (Figure 89), individually about
125 μm in maximum dimension, associated with alkali feldspar, natrolite, aegirine, and fluorite.
Identification was based on EDS analysis and physical properties (form). The presence of
analcime either represents a shift in fluid chemistry to a higher pH or higher 2SiOa and Naa .
(Eitel 1964; Chipera & Bish 1997)
FIGURE 89 – Euhedral analcime in miarole, associated with alkali feldspar, aegirine (black), fluorite (purple), and
natrolite – Eudialyte Syenite (25x)
analcime
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Cancrinite
Na6Ca2Al6Si6O24(CO3)2
Nepheline Melasyenite
Cancrinite is a trace mineral in the nepheline melasyenite.  It occurs as anhedral,
interstitial crystals to 1 mm in maximum dimension.  Cancrinite may, however, embay crystals
of nepheline, with which it is almost always associated.  In this type of occurrence, it likely
represents an alteration product of nepheline.  Identification was on the basis of EDS analysis
and optical properties (uniaxial negative, δ = 0.020).
Electron microprobe analyses of cancrinite exhibited beam sensitivity with low totals
(approximately 90 wt.%).  This compromised recalculations, and whereas application of a
correction factor restored stoichiometry for both Na and Ca, it increased error for Al and Si.
Corrections aside, if Na and Ca proportions in the recalculation are correct, then cancrinite in the
nepheline melasyenite contains about 0.6 apfu surplus Na with a concomitant reduction in Ca.
Type 3 Nepheline Leucosyenite
Cancrinite is a rare mineral in the Type 3 nepheline leucosyenite.  It is found as subhedral
to euhedral prismatic crystals to 500 μm wide by 700 μm long; most crystals of cancrinite in this
syenite are approximately 100 μm wide by 200 μm long.  Forms present include the hexagonal
prism, { 0110 }, and the hexagonal dipyramid, { lihk }.  Cancrinite is included by sodalite
pseudomorphs after nepheline, peripheral to an aegirine clot.  The cancrinite crystals may
represent an early stage of alteration of the original nepheline crystal; subsequent changes in
fluid chemistry may have caused a reaction to sodalite to become more favorable.  Identification
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was on the basis of EDS analysis, morphology, association with sodalite and nepheline, and
optical properties (δ = 0.021).
East Hill Suite Cancrinite
Cancrinite generally forms either by reaction of nepheline with calcite or by reaction of
nepheline with CO2-rich fluids. (Sirbescu & Jenkins 1999)  For a pressure range of 1 to 1.5 kbar,
equilibrium temperatures have been determined ranging from 630°C (Sobolev et al. 1974) to
750-900°C (Henderson & Ezepue 1989).  For either mechanism, SIRBESCU& JENKINS (1999)
propose that water-saturated conditions are a prerequisite for cancrinite formation. Cancrinite
growing at the expense of nepheline indicates an increase in 2Caa and 2COf in subsolidus
hydrothermal fluids.
Natrolite
Na2Al2Si3O10 · 2 H2O
Nepheline Melasyenite
Natrolite is found as a minor mineral in the nepheline melasyenite, in which it occurs as
irregular patches to 20 μm in alkali feldspar or nepheline.  It may also be seen as alteration rinds
on or complete pseudomorphs after the same.  Natrolite occurs as an incipient alteration product
of some sodalite crystals.  It is further found associated with calcic amphibole and titanite.
Identification was on the basis of EDS analysis and optical properties (δ = 0.015). A
representative analysis of natrolite is listed in TABLE 31.
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Type 1 Nepheline Leucosyenite
Natrolite is a minor mineral in the Type 1 nepheline leucosyenite.  It occurs as an
alteration product after sodalite, as aggregates of μm-scale anhedral crystals that form reaction
rims along sodalite pseudomorph crystal margins and fractures to about 50 μm thickness.  The
natrolite is colorless in thin section, but under high magnification (400x), the rims appear to
contain a finely-disseminated opaque phase that probably is the cause of the black rind visible on
sodalite pseudomorphs in hand specimen.  Although the opaque mineral crystals are too small
(approximately 1 μm) and dispersed for EDS analysis or for meaningful optical examination,
previous work by TICE (1995) identified pyrite (q.v.) as the sole opaque mineral in black rinds on
sodalite pseudomorphs after nepheline in the East Hill suite. Identification was on the basis of
EDS and EMP analysis, as well as optical properties (δ = 0.013). A representative analysis of
natrolite is listed in TABLE 31. Natrolite from the Type 1 nepheline leucosyenite is enriched in
Ba up to 0.11 wt.% BaO.
Type 2 Nepheline Leucosyenite
Natrolite occurs as a minor mineral in the Type 2 nepheline leucosyenite in two habits.
Firstly, it is found as dull, off-white granular to fibrous masses of anhedral crystals.  In thin
section, such natrolite is generally seen to occur as a rind on and as patches and veins through
sodalite pseudomorphs after nepheline.  The distribution pattern of the natrolite suggests a
network of fractures or veinlets in the sodalite, although they are not visible in hand specimen.
Some specimens, however, exhibit macroscopic voids and fractures lined with natrolite.  This
observable relationship lends support to the aforementioned concept of microscopic veins. Some
natrolite rinds and veinlets are also associated with dawsonite, which is seen as a further
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overgrowth on the natrolite.  Secondly, natrolite may occur as euhedral prismatic crystals to 1
mm in length, associated with microcline.  Identification was on the basis of EDS and EMP
analyses. A representative analysis of natrolite is listed in TABLE 31.
Type 3 Nepheline Leucosyenite
Natrolite is a minor mineral in the Type 3 nepheline leucosyenite.  It occurs as an
alteration product of sodalite as white irregular patches and craggy stringers along fractures in
sodalite pseudomorphs after nepheline.  The sodalite pseudomorphs are associated with clots of
aegirine and vary in distance from these clots.  The degree of alteration to natrolite is roughly
proportional to the distance of a given sodalite pseudomorph from the center of an aegirine clot;
sodalite pseudomorphs contained by aegirine exhibit little to no alteration, and those that are
further from aegirine exhibit more alteration.  Identification was on the basis of EDS and EMP
analyses and was supported by optical properties (δ  0.012). A representative analysis of
natrolite is listed in TABLE 31. Natrolite from the Type 3 nepheline leucosyenite is enriched in
Ba up to 0.13 wt.% BaO.
Eudialyte Syenite
Natrolite is a major mineral in the eudialyte syenite, in which it occurs as subhedral to
euhedral prismatic crystals to 5 mm in maximum dimension.  Their color ranges from beige to
buff to pale yellow, and they exhibit a dull to vitreous luster.  The natrolite occurs generally
interstitially to other minerals, although it is also seen, using the SEM, as irregular patches
associated with—perhaps overgrowing—albitized microcline. Peak positions in most XRD
analyses match well with natrolite, but some appear to either be slightly shifted towards
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gonnardite, Na2CaAl4Si6O20 · 7 H2O. One XRD analysis points to the presence of small
quantities of thomsonite, NaCa2Al5Si5O20 · 6 H2O. Electron microprobe analyses of natrolite
from the eudialyte syenite do contain more Ca than those from other lithologies; however no
analysis exceeds 0.1 apfu Ca, meaning that the specimens are dominated by natrolite.
Identification was on the basis of EDS, XRD, and EMP analyses and was supported by optical
properties (δ  0.012). A representative analysis of natrolite is listed in TABLE 31. Natrolite
from the eudialyte syenite is enriched in Sc and Ba up to 0.29 wt.% Sc2O3 and 0.15 wt.% BaO.
Feldspar-Aegirine Dikes
Natrolite occurs in the feldspar-aegirine dikes as an interstitial trace mineral, appearing as
subhedral to euhedral crystals averaging approximately 150 μm, but up to 0.7 mm, intergrown
and filling void space.  It is associated with microcline and aegirine.  It is also found as irregular
patches in microcline and albite to 300 μm in maximum dimension.  Identification was based on
EDS and EMP analyses, supported by the occurrence and optical properties (δ  0.013).
Natrolite from the feldspar-aegirine dikes is enriched in Sc and Ba up to 0.14 wt.% Sc2O3 and
0.12 wt.% BaO.
Annite Lamprophyre
Natrolite is a major mineral in the annite lamprophyre, occurring as the dominant
member of the pair of groundmass minerals, the other being calcite.  It is present as fibrous
masses of anhedral to subhedral acicular crystals to 0.5 mm in maximum dimension.  As a
groundmass mineral, the importance of associations with natrolite is somewhat diminished;
however, it is commonly seen in intimate association with apatite and/or petarasite.  In hand
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specimen, crystals have a dull to dull-vitreous luster and are pale grey in color.  Examination in
the SEM reveals in some masses of natrolite, patches of what appears to be böhmite (q.v.),
perhaps present as an alteration product.  Identification was by EDS and EMP analyses, as well
as by examination of optical properties (δ  0.012). A representative analysis of natrolite is
listed in TABLE 31.
TABLE 31 – Representative electron microprobe analyses of natrolite – East Hill suite
Lithology: NephelineMelasyenite
Type 1
Nepheline
Leucosyenite
Type 2
Nepheline
Leucosyenite
Type 3
Nepheline
Leucosyenite
Eudialyte
Syenite
Annite
Lamprophyre
Sample: MSH-B-8 MSH-B-14 MSH-B-4 MSH-B-10 MSH-B-2 MSH-B-6
Target: 19b 6a77 5b 4j 3c 14a
SiO2 (wt.%) 46.64 45.41 53.34 45.90 48.42 49.33
Al2O3 26.33 25.68 22.92 25.61 27.11 27.22
Sc2O3 na na na na 0.09 na
FeO 0.06 0.00 0.00 0.00 0.04 3.29
CaO 0.00 0.00 0.00 0.02 0.32 0.15
BaO na na 0.00 0.03 0.04 na
Na2O 15.50 15.38 13.69 16.87 10.35 7.66
K2O 0.00 0.00 0.01 0.00 0.09 0.00
H2O* 9.28 9.06 9.62 9.20 9.31 9.42
SUM 97.81 95.53 99.57 97.62 95.76 97.08
Cations
Si 3.011 3.005 3.324 2.991 3.117 3.140
Al 2.004 2.003 1.683 1.967 2.057 2.042
Sc na na na na 0.005 na
Fe2+ 0.003 0.000 0.000 0.000 0.002 0.175
Ca 0.000 0.000 0.000 0.001 0.022 0.010
Ba na na 0.000 0.001 0.001 na
K 0.000 0.000 0.000 0.000 0.007 0.000
Na 1.940 1.974 1.654 2.132 1.291 0.946
OH 3.997 3.999 3.999 3.999 3.998 3.999
Normalized to 12 oxygen apfu, including that of water of hydration
na = not analyzed
*H2O calculated to yield best combination of charge-balance and 4 OH pfu
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Nepheline
(K,)2Na6(Al,Si)8Si8O32
Nepheline Melasyenite
Nepheline is a major mineral in the nepheline melasyenite.  It occurs as transparent,
euhedral, equant hexagonal prisms to 0.2 mm in length and diameter.  They occur distributed
through the syenite, associated with orthoclase, albite, and amphibole; some occur as oikocrysts
in amphibole, but never in titanaugite, even when the amphibole is intimately associated with the
titanaugite.  Some individuals exhibit incipient alteration to sodalite or natrolite.  Identification
was on the basis of EDS analysis, crystal habit, and optical properties (uniaxial negative, δ =
0.005). Representative analyses of nepheline are listed in TABLE 32.  Nepheline from the
nepheline melasyenite is enriched in Fe up to 0.65 wt.% FeO.
Type 2 Nepheline Leucosyenite
Nepheline occurs as a rare mineral in the Type 2 nepheline leucosyenite as irregular
remnants in the cores of sodalite pseudomorphs after nepheline.  Such remnants are pale dove
grey in color, with a dull to dull-greasy luster.  EDS analysis reveals the presence of Cl in the
nepheline, indicating that the even the remnant nepheline was in the process of being converted
to sodalite.  Further inspection in the SEM shows that the nepheline is altered progressively to
sodalite, then natrolite, then, in some specimens, dawsonite.  Identification was primarily on the
basis of EDS analysis, physical properties, and morphology.
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Type 3 Nepheline Leucosyenite
Nepheline occurs as a rare mineral in the Type 3 nepheline leucosyenite as irregular
remnants in the cores of sodalite pseudomorphs after nepheline.  These remnant patches are
colorless and transparent with a dull-greasy to greasy luster.  Examination in the SEM reveals
that some of the sodalite has itself been replaced by natrolite along fractures and rims.
Identification was primarily on the basis of EDS and EMP analysis, physical properties, and
morphology.  A representative analysis of nepheline is listed in TABLE 32.  Nepheline from the
Type 3 nepheline leucosyenite is enriched in Fe up to 0.39 wt.% FeO.
Eudialyte Syenite
Nepheline occurs as a trace mineral in the eudialyte syenite.  It is found as irregular
remnants in the cores of sodalite pseudomorphs after nepheline.  Unaltered nepheline is grey,
nearly transparent, and has a greasy luster.  Representative analyses of nepheline are listed in
TABLE 32.  Nepheline from the nepheline melasyenite is enriched in Fe up to 0.22 wt.% FeO.
East Hill Suite Nepheline
Nepheline compositions from the East Hill suite, plotted into the nepheline-kalsilite-silica
system (Figure 90), generally follow the Barth compositional join. Nepheline from the nepheline
melasyenite comprises two populations, unaltered and partially altered; that from the Type 3
nepheline leucosyenite and the eudialyte syenite is strictly unaltered.  Unaltered nepheline plots
towards the K2Na6Al8Si8O32 end of the Barth compositional join, as does nepheline from the
eudialyte syenite and the Type 3 nepheline leucosyenite, which furthermore plots close to the
Morozewicz-Buerger convergence field. (Tilley 1954; Platt 1996) Partially altered nepheline
216
TABLE 32 – Representative electron microprobe analyses of nepheline – East Hill suite
Lithology: Nepheline Melasyenite
Type 3
Nepheline
Leucosyenite
Eudialyte Syenite
Sample: MSH-B-8 MSH-B-10 MSH-B-1
Target: 12b 10e 14l 3b 1f 9d
SiO2 (wt.%) 44.25 44.36 49.09 38.57 42.17 41.25
Al2O3 32.80 34.01 31.99 30.72 34.61 34.78
FeO 0.60 0.60 0.30 0.39 0.07 0.01
CaO 0.13 0.09 0.08 0.00 0.00 0.00
BaO na na na 0.17 na na
Na2O 16.95 14.94 15.04 18.99 16.01 15.62
K2O 5.85 5.15 3.60 6.31 7.67 8.21
SUM 100.58 99.15 100.09 95.16 100.52 99.87
Cations
Si 8.465 8.490 9.136 8.000 8.129 8.030
Al 7.394 7.670 7.017 7.510 7.863 7.980
Fe2+ 0.096 0.096 0.046 0.068 0.012 0.002
Ca 0.026 0.019 0.016 0.000 0.000 0.000
Ba na na na 0.014 na na
K 1.428 1.256 0.854 1.670 1.886 2.039
Na 6.287 5.543 5.429 7.638 5.983 5.896
qtz 0.09 0.20 0.31 0.00 0.03 0.01
ne 0.74 0.65 0.59 0.82 0.74 0.73
kls 0.17 0.15 0.09 0.18 0.23 0.25
Normalized to 32 oxygen apfu
na = not analyzed
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from the nepheline melasyenite plots towards the 2Na6Al6Si10O32 end of the Barth
compositional join and represents incipient alteration, mostly to natrolite but also, in some
specimens, to sodalite.
Application of crystallization temperature isotherms (Figure 90) would suggest that
nepheline in the nepheline melasyenite may have commenced crystallization at temperatures as
high as 1,000-1,100°C.  Indeed, nepheline in the nepheline melasyenite is present as euhedral
phenocrysts, indicating early crystallization.  Nevertheless, such high temperatures are
inconsistent with estimates of alkali feldspar crystallization temperatures (Figure 88), with which
those of nepheline should be comparable. Also, SOOD (1981) proposes, based on experimental
evidence, that the liquidus for typical miaskitic magmas should be no higher than about 820°C at
1 kbar. Therefore, the indication of high-temperature crystallization is likely the result of
metasomatic alteration that caused compositions to drift towards natrolite. Similarly, it is more
likely that the well-clustered group of analyses near the 775°C isotherm is representative of the
initiation of nepheline crystallization. In any case, due to the steep gradient of isotherms at high
temperatures, application of nepheline composition to geothermometry is not as precise as other
techniques and should not be viewed as the basis for interpretation of magmatic evolution, only
as supporting evidence.
Although most analyses are above the 700°C isotherm, a few are clustered well below the
500°C isotherm.  Miaskitic magmas such as the nepheline melasyenite generally reach their
solidus by approximately 620°C at 1 kbar (Sood 1981), so these very low-temperature nepheline
analyses could either represent subsolidus equilibration with alkali feldspar and other alkali
aluminosilicates (Powell & Powell 1977), or they could be indicative of late-stage hydrothermal
crystallization. (Tait et al. 2003)  Texturally, most nepheline specimens in the nepheline
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melasyenite point to a magmatic origin, although some ambiguous textures suggest that it is
possible that a few crystallized from hydrothermal fluid through the alteration of alkali feldspar.
Nepheline compositions indicate that nepheline crystallization also began in the eudialyte
syenite at about 775°C. Some compositions suggest crystallization temperatures below 500°C;
however, due to this magma being so enriched in alkalis, the eudialyte syenite melt may not have
reached its solidus until it had cooled to about 400°C at 1 kbar. (Sood 1981) Again, the
resolution of nepheline geothermometry is inadequate to independently and categorically define
such low crystallization temperatures. No high-temperature nepheline from the Type 3
nepheline leucosyenite survived metasomatism for analysis, but comparison of alkali feldspar
crystallization temperatures from the Type 3 nepheline leucosyenite and the eudialyte syenite
(Figure 88) suggests that the crystallization temperature range for both lithologies should be
similar.  Furthermore, the likelihood of an exceptionally cool solidus for the nepheline
leucosyenite melt seems comparably high to that of the eudialyte syenite.
Nepheline that crystallized between about 500-700°C plots near the Morozewicz-Buerger
convergence field; this includes the lower-temperature nepheline from the nepheline melasyenite
(excluding subsolidus compositions), and all nepheline from the eudialyte syenite and the
nepheline leucosyenite.  Nepheline compositions in this field are indicative of slow cooling rates.
(Tilley 1954; Platt 1996)
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Sodalite
Na8Al6Si6O24Cl2
Nepheline melasyenite
Sodalite is a trace mineral in the nepheline melasyenite.  It is present as subhedral, equant
crystals to 3 mm in maximum dimension.  They are transparent and largely free of inclusions,
but sodalite crystals may include small individuals of nepheline, aegirine-augite, orthoclase,
cancrinite, and pyrite.  Minor, incipient alteration to natrolite is visible in some sodalite.
Accessory minerals, such as aegirine-augite, are concentrated at the interface between sodalite
crystals and the groundmass. Positive identification, however, relied on EDS analysis (Cl in
sodalite spectrum) or the petrographic microscope (isotropic).
Annite Lamprophyre
Sodalite occurs in the annite lamprophyre as a rare mineral.  It is found as subhedral
crystals to 20 μm, embedded in annite.  Identification was based on EDS analysis and on optical
properties (isotropic).
Sodalite ps. Nepheline
Na8Al6Si6O24Cl2
Type 1 nepheline leucosyenite
Sodalite is a major mineral in the Type 1 nepheline leucosyenite.  It is found as colorless
to light grey pseudomorphs after euhedral, prismatic nepheline crystals.  These pseudomorphs
are up to 5 mm in diameter and 10 mm in length.  Their turbidity varies with distance from their
cores, ranging from transparent at the core to translucent at their margins.  Many crystals are at
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least partly rimmed by a thin black rind.  In thin section, it is evident that all of the sodalite
pseudomorphs are mantled by a reaction rim of natrolite containing microcrystals of pyrite;
natrolite also crosscuts some sodalite crystals along natural fractures.  A very few crystals
include small laths of microcline or aegirine-augite, but there are otherwise very few inclusions.
Identification was on the basis of EDS and EMP analysis and optical properties (isotropic).
Type 2 nepheline leucosyenite
Sodalite is a major mineral in the Type 2 nepheline leucosyenite, occurring as
pseudomorphs after nepheline.  It is found as euhedral prismatic crystals to 7 mm in length and 5
mm in width, with an average size of 4 mm by 3 mm.  These pseudomorphs have a dull to
vitreous luster, are translucent to transparent, and are pale blue-grey to deep ultramarine blue in
color.  In thin section and in the SEM, the sodalite is seen to be rimmed by and shot through with
veins and patches of natrolite, many of which are themselves rimmed by and shot through with
dawsonite (q.v.).  These veins and patches follow an irregular distribution pattern, typically
exhibiting elongate structures, suggesting fractures or veins through the sodalite.  In some cases,
macroscopic cavities are, in fact, visible, these cavities being lined first by natrolite, then, in
some instances, by dawsonite.  This concentric or progressive relationship, nepheline →
sodalite → natrolite → dawsonite is characteristic and is, for whichever members of the series
that are present, invariant in its sequence. Identification was on the basis of EDS and EMP
analysis and optical properties (isotropic).
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Type 3 nepheline leucosyenite
Sodalite is present as the dominant major mineral in the Type 3 nepheline leucosyenite,
occurring in three modes.  The first is as colorless, transparent pseudomorphs after euhedral,
hexagonal prismatic crystals of nepheline to 4 mm width and 10 mm length.  Forms present
include the hexagonal prism, { 0110 }, the hexagonal dipyramid, { lihk }, and the pinacoid,
{0001}, although the pinacoid is not as prominent in the original nepheline crystals as in those
from the Type 1 and Type 2 nepheline leucosyenites.  These crystals are found as phenocrysts
enclosed by aegirine, the extent of the aegirine defining clots up to 5 cm in diameter; some
sodalite of this type is also associated with calcite.  Sodalite in this mode of occurrence is visibly
fractured in thin section.  Crystals that occur near the centers of aegirine clots are free to nearly
free of alteration, but as the boundaries of such clots are approached, alteration of sodalite along
fractures and margins becomes more prevalent.
The second mode of occurrence is as small (250 μm) anhedral pseudomorphs after
nepheline that occur with microcline in weakly-banded, colloform growths that are present
outside of aegirine clots.  Sodalite in these bands is altered to natrolite in the same pattern as in
the first mode.
The third mode of occurrence of sodalite in the Type 3 nepheline leucosyenite is as the
hackmanite variety of sodalite, and it is really a variant of each of the first two modes.
Hackmanite is photosensitive; on older exposures, it is colorless to grey, taking the appearance of
nepheline or colorless sodalite; however, on freshly broken surfaces, hackmanite presents a
dazzling fuchsia color.  This color will fade upon exposure to light, the time required to render
the sample colorless being in proportion to the intensity of the light.  The color may be restored
quickly by exposing the hackmanite to ultraviolet radiation for a few seconds or slowly by letting
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it rest in the dark or under fluorescent lamps for several days. Interestingly, although the color
will return, it never achieves its original brilliance, displaying, rather, a bruised purple cast.
Hackmanite occurs as pink, magenta, fuchsia, or purple zones in euhedral sodalite
pseudomorphs of the first mode and in colloform growths of the second mode. Notably,
regardless of the mode of occurrence, hackmanite is almost strictly excluded from aegirine clots,
and, in fact, most hackmanite in the Type 3 nepheline leucosyenite has an antipathetic
relationship with aegirine and aegirine-augite. Colorless sodalite strongly dominates where
aegirine or aegirine-augite is abundant, and hackmanite appears in varying quantities where
aegirine or aegirine-augite is scarce to absent. Identification of all three modes was on the basis
of EDS and EMP analysis and optical properties (isotropic).
Eudialyte Syenite
Sodalite occurs as a major mineral in the eudialyte syenite as pseudomorphs after
nepheline.  Individuals occur as subhedral to euhedral, stubby prismatic crystals which are light
to dark grey in color, with some tending towards a slight Prussian blue tint (Figure 58).  As such,
they are visually very similar to those nepheline crystals that remain unaltered.  They may be
distinguished visually with a moderate degree of confidence based on differences in luster,
nepheline having a greasy luster and sodalite (in this case) having a dull luster, and in
diaphaneity, nepheline being translucent to transparent and sodalite being more nearly opaque.
Identification was on the basis of EDS analysis and optical properties (isotropic).
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HALIDES
Fluorite
CaF2
Nepheline Melasyenite
Fluorite is found as a trace mineral in the nepheline melasyenite.  It occurs as subhedral
to euhedral cubic and octahedral crystals to 200 μm in their maximum dimension.  It is included
in alkali feldspar.  Identification was on the basis of EDS analysis and optical properties
(isotropic).  Fluorite from the nepheline melasyenite exhibited a green fluorescence in the
electron beam. Although electron microprobe analyses gave poor totals, fluorite compositions
contained up to 1.01 wt.% Ce2O3 and 1.04 wt.% ZnO.
Type 1 Nepheline Leucosyenite
Fluorite is found in the Type 1 nepheline leucosyenite as a rare mineral.  It is present as a
15 μm wide by 100 μm -long stringer in natrolite after sodalite after nepheline.  It is associated
with aegirine-augite.  Identification was based on EDS analysis and optical properties (isotropic).
Type 3 Nepheline Leucosyenite
Fluorite occurs as a rare mineral in the Type 3 nepheline leucosyenite.  It is found as
subhedral, cuboctahedral crystals to 90 μm in diameter.  They are associated with oikocrysts in
calcite of sodalite pseudomorphs after nepheline, along with sérandite.  Identification was made
on the basis of EDS analysis, combined with examination in the petrographic microscope
(isotropic).
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Eudialyte Syenite
Fluorite occurs as a trace mineral in the eudialyte syenite.  It occurs as yellow interstitial
masses to 2.5 mm in their maximum dimension (Figure 91), associated with aegirine, sodalite
pseudomorphs after nepheline, and potassium feldspar.  Fluorite also occurs in the eudialyte
syenite in vugs, as colorless to deep violet, transparent, subhedral to euhedral, equant crystals to
1.5 mm in diameter (Figure 92).  Subhedral crystals may display {111}, although this is not well
defined, whereas euhedral crystals are cuboctahedral in form.  Furthermore, there appears to be
evidence of graphic intergrowth with microcline.  Identification was made on the basis of EDS
analysis, combined with examination in the petrographic microscope (isotropic).
FIGURE 91 – Fluorite (yellow), associated with aegirine (black) and alkali feldspar – Eudialyte Syenite (20x)
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FIGURE 92 – Fluorite (purple) in miarole, associated with aegirine (black), alkali feldspar, eudialyte group mineral,
natrolite, and an unidentified yellow mineral. (15x)
Halite
NaCl
Type 2 Nepheline Leucosyenite
Halite is a rare mineral in the Type 2 nepheline leucosyenite.  One crystal group was
found in a vug, which was presumably the remains of a ruptured fluid inclusion.  It occurs as
euhedral to skeletal cubic crystals to 10 μm in their maximum dimension.  Identification was
based on EDS analysis and was supported by the apparent mode of occurrence, as well as by the
morphology.
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OXIDES&HYDROXIDES
Baddeleyite
ZrO2
Annite Lamprophyre
Baddeleyite has been tentatively identified as a rare mineral in the annite lamprophyre.  It
occurs as irregular masses of fibrous crystals to 10 μm in length.  These masses are found within
interstices between petarasite, apatite, and annite crystals.  The baddeleyite is virtually never
seen more than 20 μm from a petarasite crystal, and it, in fact, typically occurs as an intimate
overgrowth or as veining.  Identification is primarily based on EDS analysis, which yields solely
a Zr signature.  Examination with the petrographic microscope is inconclusive due to the small
size and fibrous habit of the crystals, although the fibrous habit itself lends some support to the
identification.
Böhmite
γ-AlO(OH)
Type 3 Nepheline Leucosyenite
Böhmite has been tentatively identified as a rare mineral in the Type 3 nepheline
leucosyenite.  It occurs as anhedral grains to 50 μm in diameter, which are present in a cavity in
decomposing natrolite that occurs as an alteration product of a sodalite pseudomorph after
nepheline.  Identification was on the basis of EDS analysis and optical properties (δ  0.011).
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Annite Lamprophyre
Böhmite has been tentatively identified in the annite lamprophyre, in which it occurs as a
rare mineral.  It is present as irregular masses to 0.1 mm of fibrous crystals, embedded within
natrolite.  Identification is based on EDS analysis, which reveals solely an Al signature, on the
association with natrolite, and on examination in the petrographic microscope (habit and
δ  0.011).
East Hill Suite Böhmite
Böhmite formed by low-temperature alteration of aluminosilicates.  Unlike most
alteration reactions in the East Hill suite, böhmite formation is favored by lower OH2a , and in
fact, the decomposition reaction of natrolite to böhmite is a dehydration reaction:
Na2Al2Si3O10 · 2 H2O →  2 AlO(OH) + 3 SiO2 + H2O + ½ O2 + 2 Na+
Notice that the reaction also results in the release of free silica and an increase in
2Of .  At higher
OH2a , gibbsite formation is favored. (Tardy & Nahon 1985) Under ideal conditions, böhmite is
stable up to about 450-550°C; larger crystals are stable to higher temperatures, and crystals in the
10-30 μm represent the 450-500°C limit. (Tsukada et al. 1999) The upper thermal stability limit
of böhmite is not strongly pressure-dependent, varying by only approximately 50°C between 0.1
and 1.0 kbar, and increasing with pressure. (Al’myasheva et al. 2005) Its stability field expands
with decreasing temperature, with optimum crystallization temperatures between 125-300°C.
(Castet et al. 1993; Al’myasheva et al. 2005) The böhmite in the Type 3 nepheline leucosyenite
and the annite lamprophyre is crystalline, rather than amorphous.  This habit of böhmite indicates
that mildly alkaline, rather than acidic, fluids were involved. (Okada et al. 2002)
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Hematite
Fe2O3
Feldspar-Aegirine Dikes
Hematite occurs as a rare mineral in the feldspar-aegirine dikes.  It was found as a dark
red-brown, euhedral, hexagonal platy crystal 20 μm in diameter.  It is included by albite and
associated with annite (directly) and natrolite.  Identification was on the basis of EDS analysis,
morphology, and optical properties (color). The morphology of the hematite and the absence of
apparent alteration of iron-bearing phases in its immediate vicinity suggest that it is a primary
phase.  Therefore, at some time during the crystallization of the feldspar-aegirine dikes, oxygen
fugacity reached the HM buffer.
Hochelagaite
(Ca,Na,Sr)Nb4O11 · 8 H2O
Eudialyte Syenite
Hochelagaite has been tentatively identified in the eudialyte syenite as a rare mineral.  It
occurs as anhedral blebs to 10 μm, which form a 0.3 mm seam in alkali feldspar.  Identification
was based primarily on EDS analysis, and the anisotropic nature of the mineral under crossed
polars in the petrographic microscope discounts the possibility of pyrochlore (hochelagaite is
biaxial, pyrochlore is isotropic).  The mode of occurrence also supports the identification of
hochelagaite, which typically is found as a late-stage mineral in vugs or fractures.  The
occurrence also indicates that the conditions of formation are comparable to those of dawsonite.
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Ilmenite
FeTiO3
Nepheline Melasyenite
Ilmenite is found as a rare mineral in the nepheline melasyenite.  It occurs as a metallic
black, anhedral mass to 150 μm in its maximum dimension.  It is enclosed by a large magnetite
grain that also contains pyrite at its margin.  The assemblage is associated with annite and
aegirine-augite.  Identification was by EDS analysis and optical properties (color, bireflectance).
Magnetite
4
3
2
2 OFeFe 
Nepheline Melasyenite
Magnetite is found as a minor mineral in the nepheline melasyenite.  It occurs as euhedral
to subhedral octahedral crystals to 250 μm in diameter, although most individuals are smaller
than 50 μm.  It may also be seen as aggregates of small crystals to 1 mm in maximum dimension.
It is generally intimately associated with aegirine-augite and titanite, the group being associated
with alkali feldspar and nepheline.  It also occurs in simple association with alkali feldspar.  A
distinctive occurrence of magnetite is as a group of minuscule crystals disposed in the outline of
a relic titanaugite crystal, enclosed by taramite; similarly, some magnetite crystals are present
near the embayed and replaced fringes of titanaugite crystals.  Identification was based on EDS
analysis and was supported by examination in the petrographic microscope (morphology and
color). Representative analyses of magnetite are listed in TABLE 33.  Magnetite from the
nepheline melasyenite is enriched in Ti up to 13.56 wt.% TiO2, in Al, reliably up to 2.89 wt.%
Al2O3, in Mn up to 4.27 wt.% MnO and in Zn up to 1.00 wt.% ZnO.
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TABLE 33 – Representative electron microprobe analyses of magnetite – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 3a 8c 23a
TiO2 (wt.%) 6.15 4.89 0.95
ZrO2 0.00 0.00 0.06
Al2O3 0.26 0.22 0.11
REE2O3 0.71 0.00 0.79
Ce2O3 0.71 0.00 0.79
FeOtot 83.29 85.34 90.81
MnO 4.27 2.72 0.74
MgO 0.00 0.01 0.00
ZnO 0.68 0.00 0.78
SUM 95.36 93.20 94.25
Fe2O3 56.91 58.65 66.84
FeO 32.08 32.56 30.67
NEW SUM 101.77 99.06 101.74
Cations
Ti 0.176 0.142 0.027
Zr 0.000 0.000 0.001
Al 0.012 0.010 0.005
REE 0.010 0.000 0.011
Fe3+ 1.627 1.706 1.927
Fe2+ 1.019 1.052 0.982
Mn2+ 0.137 0.089 0.024
Mg 0.000 0.001 0.000
Zn 0.019 0.000 0.022
usp 0.16 0.13 0.03
Recalculated according to the scheme of
STORMER (1983)
Normalized to 3 cations
Fe3+ calculated to yield 8 cationic charges
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Compositions of coexisting magnetite and ilmenite may be used to estimate
2Of and
crystallization temperature. (Spencer & Lindsley 1981)  Insufficient ilmenite was found during
this study to obtain electron microprobe analyses, but CURRIE ET AL. (1986) give an average of
East Hill suite ilmenite and magnetite analyses. Although strict oxygen fugacity and temperature
FIGURE 93 – Estimated oxygen fugacity versus temperature based on coexisting magnetite-ulvöspinel and ilmenite-
hematite solid solution pairs. (Spencer & Lindsley 1981)  I- labeled isopleths indicate mole fraction
ilmenite component; U-labeled isopleths indicate mole fraction ulvöspinel component.
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determinations should be based on immediately coexisting magnetite-ilmenite pairs, such
analyses are unavailable here.  The average magnetite analysis given by CURRIE ET AL. (1986)
falls within the range of magnetite analyses from this study.  By the method of STORMER (1983),
their average ilmenite analysis recalculates to Xilm = 0.97; since this value is so close to end-
member ilmenite, the range of individual analyses must be relatively narrow.  Since the range of
ilmenite analyses from CURRIE ET AL. (1986) is restricted in range, the average Xilm must be close
to that of any individual analysis, which means that the average may be a reasonable proxy for an
ilmenite analysis.  Since the coexisting magnetite analyses from CURRIE ET AL. (1986) are similar
to those from this study, it is a reasonable approximation to say that the magnetite analyses from
both studies may be treated as coexisting compositions with ilmenite in order to estimate a
reasonable range of
2Of values and temperatures.
Referring to FIGURE 93, the ilmenite composition is represented by the I-97 isopleth.
East Hill suite magnetite analyses from this study recalculate to a Xulv range of 0.03 to 0.37,
which corresponds to the U-3 to near the U-40 isopleths.  The intersection of the I- and U-
isopleths suggests an approximate range of
2Of from 10-22 to 10-23.5 bar, decreasing with
temperature, and an approximate temperature range of 600 to 525°C. Over this temperature
range, the estimated oxygen fugacities are slightly below the QFM buffer; however, in systems
absent of free silica, the
2Of –T space stability field of magnetite extends down to the MW
buffer, nearly 3 log units lower in oxygen fugacity. (Eugster & Wones 1962)
The highest
2Of values and temperatures are found in numerous small magnetite crystals
occurring as relic haloes in amphibole around decomposed titanaugite crystals. A similar texture
is described from the Montagnes Vertes ring complex, Kerguelen Island, where magnetite occurs
as reaction haloes in clinopyroxene around amphibole. (Giret et al. 1980)  Clearly, these two
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reactions represent contrary OH 2p trends, but they are both interpreted to occur with oxygen
fugacity elevated with respect to the rest of each suite.  Similarly, relatively high
2Of magnetite
crystals are early-crystallizing, as inclusions in clinopyroxene.  Magnetite analyses that
recalculate to the lowest
2Of and temperatures are small, late-stage crystals, interstitial to other
phases or found in mafic stringers.
Pyrochlore
(Ca,Na)2Nb2O6(OH,F)
Type 2 Nepheline Leucosyenite
Pyrochlore occurs in the Type 2 nepheline leucosyenite as a rare mineral.  Although its
population does not constitute any significant volume of the rock, it is, in fact, widespread, and
its individuals are small, but numerous.  It is seen as euhedral octahedral crystals to 100 μm in
diameter (most to 30 μm).  In hand specimen, they have a brilliant lemon yellow color, and, in
thin section, a similar but subdued color.  The pyrochlore is associated with calcite, siderite, and
sodalite-natrolite with dawsonite.  Pyrochlore is also seen with the same association, but as
irregular, micron-scale stringers through calcite.  Identification was on the basis of EDS analysis,
morphology, and examination in the petrographic microscope (isotropic).
Type 3 Nepheline Leucosyenite
Pyrochlore is a rare mineral in the Type 3 nepheline leucosyenite.  It occurs as euhedral,
cuboctahedral crystals to 10 μm diameter.  They are included by microcline and associated with
aegirine-augite.
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Eudialyte Syenite
Pyrochlore was found as two euhedral octahedral crystals in the eudialyte syenite,
associated with potassium feldspar.  They are each approximately 10 μm in diameter and appear
bright yellow in thin section.  Identification was on the basis of EDS analysis, morphology, and
examination in the petrographic microscope (isotropic).
Feldspar-Aegirine Dikes
Pyrochlore is seen as a trace mineral in the feldspar-aegirine dikes as subhedral
octahedral crystals to 30 μm in diameter and as irregular stringers to 20 μm in thickness and 1.5
mm in length.  It is also occurs filling micron-scale seams in microcline.  It is associated with
aegirine, zircon, and natrolite.  Identification was on the basis of EDS analysis, morphology, and
examination in the petrographic microscope (isotropic).
Annite Lamprophyre
Pyrochlore occurs as a trace mineral in the annite lamprophyre as euhedral octahedral
crystals to 50 μm, although some individuals occur as a thin plate, perhaps flattened on (111),
infilling seams, especially in annite.  In thin section, the pyrochlore crystals appear a light forest
green to greenish-yellow color.  In this rock, pyrochlore is typically associated with apatite or
annite.  Pyrochlore crystals embedded in annite are surrounded by pleochroic haloes.  Pyrochlore
also occurs as sparse inclusions in gaidonnayite crystals.  Identification was on the basis of EDS
analysis, morphology, and examination in the petrographic microscope (isotropic).
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Pyrophanite
MnTiO3
Feldspar-Aegirine Dikes
Pyrophanite occurs as a trace mineral in the feldspar-aegirine dikes.  It is found as
subhedral, tabular crystals to 250 μm in diameter by 30 μm in thickness.  Crystals are opaque at
their thickest portions; thinner areas are translucent and range (with increasing thickness) from
amber to deep blood-red in color.  Pyrophanite is associated with microcline, calcite, and
ancylite-(Ce).  Identification was on the basis of EDS analysis and optical properties (color).
Pyrophanite is generally a postmagmatic phase (Ferguson 1978; Mitchell & Liferovich 2004),
and crystallization temperatures in the vicinity of 300°C are not unreasonable. (Zaccarini et al.
2004)
Rutile
TiO2
Type 2 Nepheline Leucosyenite
Rutile has been tentatively identified in the Type 2 nepheline leucosyenite as a rare
mineral.  It occurs as subhedral, stubby prismatic crystals to 50 μm in their maximum dimension.
These crystals are associated with sodalite pseudomorphs after nepheline, natrolite, and
dawsonite. Identification was primarily on the basis of EDS analysis.  Due to the small size of
the crystals, it is impossible to extract a sample for XRD analysis, so as to identify the particular
TiO2 polymorph; however, the morphology is consistent with that of rutile.  Further support for
this identification came from examination in the petrographic microscope (uniaxial and very high
birefringence), as well as previous descriptions of rutile from Mont Saint-Hilaire (Mandarino &
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Anderson 1989). The absence of ilmenite in the Type 2 nepheline leucosyenite obviates the use
of the ilmenite–rutile oxygen barometer to estimate
2Of . (Carmichael & Nicholls 1967; Zhao et
al. 1999)
Thorianite
ThO2
Nepheline Melasyenite
Thorianite has been tentatively identified in the nepheline melasyenite.  The specimen in
question is a subhedral crystal, 10 μm wide by 20 μm long, grown in a minuscule interstice in an
intergrowth of annite and aegirine-augite.  It is associated with låvenite and fluorapatite.
Identification is primarily on the basis of EDS analysis, which gives only a thorium signal.
Type 3 Nepheline Leucosyenite
Thorianite has been tentatively identified in the Type 3 nepheline leucosyenite as a rare
mineral.  It is present as a group of subhedral, blocky crystals, individually to 10 μm and
collectively to 50 μm, occurring in a fracture in a sodalite pseudomorph after nepheline.  The
sodalite surrounding the supposed thorianite grouping is altered to natrolite.  Identification is
primarily on the basis of EDS analysis, which gives only a thorium signal.
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PHOSPHATES&SULFATES
Barite
BaSO4
Type 3 Nepheline Leucosyenite
Barite occurs as a rare mineral in the Type 3 nepheline leucosyenite.  It is found as
euhedral, stout, prismatic crystals 10 μm long in a parallel growth of 3 μm crystals that are
collectively 10 μm wide.  These crystals appear to be elongated along [100] and display {001},
{100}, {011}, and {201}.  Barite is associated with fluorapatite and with natrolite after a sodalite
pseudomorph after nepheline.  Barite also occurs as anhedral grains to 5 μm diameter in natrolite.
Identification was on the basis of EDS analysis, morphology, and optical properties (δ  0.009).
Fluorapatite
Ca5(PO4)3(F,Cl,OH)
Nepheline Melasyenite
Fluorapatite is found as a minor mineral in the nepheline melasyenite.  It occurs as
euhedral, stubby prismatic crystals to 250 μm in diameter and 500 μm in length.  The crystals are
slightly rounded at their edges and vertices, similar to an incipient fire-polish, and are heavily-
fractured.  Forms present include the hexagonal prism, { 0110 }, and the pinacoid, {0001}.
Larger crystals are associated with titanaugite and taramite; smaller crystals are associated with
alkali feldspar, nepheline, and aegirine-augite but are still near concentrations of mafic minerals.
Identification was on the basis of EDS analysis, as well as on examination in the petrographic
microscope (uniaxial negative and δ = 0.007). Fluorapatite from the nepheline melasyenite is
enriched in Ce up to 1.23 wt.% Ce2O3 and in Zn, generally about 0.5 wt.% but up to 12.12 wt.%
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ZnO. This highest Zn content approximately represents the theoretical substitution limit of Zn in
apatite (Miyaji et al. 2005) and is probably a real composition, as there are no Zn-bearing phases
near the crystal.
Type 1 Nepheline Leucosyenite
Fluorapatite has been tentatively identified as a rare mineral in the Type 1 nepheline
leucosyenite.  It is found as colorless, euhedral, hexagonal prismatic crystals to 20 μm in
diameter by 60 μm in length.  Forms present include the hexagonal prism, { 0110 }, and the
pinacoid, {0001}.  Fluorapatite is included by sodalite pseudomorphs after nepheline,
microcline, and manganoan pectolite.  Common associated minerals are pyrochlore, aegirine-
augite, sphalerite, pyrite, arsenopyrite, arfvedsonite, and an unidentified Na-Zr silicate.
Although the crystals of apatite in the Type 1 nepheline leucosyenite were too small for
microprobe analysis or physical separation for unit-cell measurement by X-ray diffractometry,
the strong trend in apatite chemistry in the East Hill Suite is towards fluorapatite; therefore, it is
presumed that that is the case for those in this syenite, as well.  Identification was based on EDS
analysis, morphology, and optical properties (δ  0.006).
Type 2 Nepheline Leucosyenite
Fluorapatite occurs as a rare mineral in the Type 2 nepheline leucosyenite.  It is found as
euhedral, stubby prismatic crystals to 30 μm in length.  Forms present include the hexagonal
prism, { 0110 }, the hexagonal dipyramid, { lihk }, and the pinacoid, {0001}.  The fluorapatite is
found in association with sodalite pseudomorphs after nepheline, albite, aegirine-augite, and
almandine.  Identification was based on EDS analysis and optical properties (δ  0.007).
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Type 3 Nepheline Leucosyenite
Fluorapatite is a rare mineral in the Type 3 nepheline leucosyenite.  It was found as a
euhedral, hexagonal prismatic crystal 200 μm in diameter.  Owing to the orientation of the
crystal, with [0001] vertical, the only form visible is { 0110 }.  It is associated with natrolite after
a sodalite pseudomorph after nepheline, barite, and microcline.  It also occurs as anhedral grains
to about 5 m in diameter, included by aegirine-augite.  Although the crystals of apatite in the
Type 3 nepheline leucosyenite were too small for microprobe analysis or physical separation for
unit-cell measurement by X-ray diffractometry, the strong trend in apatite chemistry in the East
Hill Suite is towards fluorapatite; therefore, it is presumed that that is the case for those in this
syenite, as well.  Identification was based on EDS analysis, morphology, and optical properties
(δ  0.007).
Eudialyte Syenite
Fluorapatite has been tentatively identified as a rare mineral in the eudialyte syenite.  It
was found as two colorless, subhedral crystals to 25 μm in maximum dimension.  One crystal of
fluorapatite is associated with thorogummite.  The other is included by albite.  Although the
crystals of apatite in the eudialyte syenite were too small for microprobe analysis or physical
separation for unit-cell measurement by X-ray diffractometry, the strong trend in apatite
chemistry in the East Hill Suite is towards fluorapatite; therefore, it is presumed that that is the
case for those in this syenite, as well.  Identification was based on EDS analysis, morphology,
and optical properties (δ  0.006).
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Annite Lamprophyre
Fluorapatite occurs as a major mineral in the annite lamprophyre, as pale grey to pale tan,
vitreous, euhedral prismatic crystals to 0.6 mm in length and 200 μm in diameter.  Forms are
dominated by the hexagonal prism, { 0110 }, and the pinacoid, {0001}.  Backscattered-electron
imaging in the SEM reveals subtle concentric REE-rich zonation in the core with a prominent
low-REE overgrowth. Under the EMP electron beam, fluorapatite exhibits a bluish-lilac
luminescence, perhaps due to REE but also possibly to the presence of Mn5+. (Hughes et al.
2004) Fluorapatite is generally found between annite crystals, with natrolite, petarasite,
pyrochlore, and calcite.  Identification was based on EDS analysis and optical properties
(uniaxial negative and δ  0.007). Fluorapatite from the annite lamprophyre is enriched in La
and Ce up to 1.13 wt.% La2O3 and 3.94 wt.% Ce2O3, Mn up to 3.70 wt.% MnO, and Zn up to
2.28 wt.% ZnO. The Mn content is high for the East Hill suite, about half of the theoretical
substitution limit of Mn in apatite. (Suitch et al. 1985; Hughes et al. 2004)
Rhabdophane-(Ce)
(Ce,La)PO4 · H2O
Annite Lamprophyre
Rhabdophane-(Ce) has been tentatively identified as a rare mineral in the annite
lamprophyre based on EDS analysis and morphology.  Individuals are too small to determine
reliable optical properties, although the birefringence appears to be close to an appropriate value
(δmeas  0.030, δideal = 0.027-0.049).  One small natrolite-filled seam in aegirine contains
rhabdophane-(Ce) as subhedral to euhedral hexagonal prismatic, equant crystals to 5 μm in their
maximum dimension.
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PYROXENEGROUP
Aegirine, NaFe3+Si2O6
Aegirine-Augite, (Ca,Na)(Mg,Fe2+,Fe3+,Al,Ti)Si2O6
Augite, Ca(Mg,Fe2+,Al)2(Si,Al)2O6
Augite, var. Titanaugite, (Ca,Mn2+,REE)(Mg,Fe2+,Fe3+,Ti,Al)(Si,Al)2O6
Crystal Chemistry
The pyroxene group has the general formula [M(2)][M(1)]T2O6.  In clinopyroxenes, the
M(2) site primarily hosts Ca and Na; the M(1) site primarily hosts Fe2+, Fe3+, Mg, and Mn2+; and
the T site primarily hosts Si; although substitutions of other atoms are possible, and sometimes
prevalent.  Furthermore, in most clinopyroxenes, divalent cations, such as Fe2+, in the M(1) site
are charge-balanced by the presence of Ca in the M(2) site, and trivalent cations, such as Fe3+, in
theM(1) site, as in aegirine, are charge-balanced by the presence of Na in the M(2) site.
The pyroxene group is represented in the East Hill Suite by sodic-calcic clinopyroxenes
of the aegirine-augite series and titanaugite (Figure 94).  True aegirine is defined as a
clinopyroxene containing more than 80 mol% of the aegirine molecule, NaFe3+Si2O6 (Morimoto
1989).  Augite comprises a solid-solution series between diopside, CaMgSi2O6, and
hedenbergite, CaFe2+Si2O6.  Aegirine-augite is intermediate between these two fields.
Titanaugite is a titanium- and aluminum-rich variety of augite.  It exhibits limited solid-solution
with aegirine, but lies more properly on a join between augite and a hypothetical end member,
“ 64 5.02 5.0 AlSiOTiCaFe  ”. (Tracy & Robinson 1977)
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FIGURE 94 – Compositional relations in clinopyroxene. (modified after Clark & Papike 1968; Tracy & Robinson
1977)
Although the crystal chemistry of the pyroxene group is more or less straightforward,
compared to that of groups with more complex structures such as the amphibole and eudialyte
groups, some complications in recalculations arose.
The first and most pressing issue was the partitioning of iron between the ferric and
ferrous states.  Electron microprobe analyses do not differentiate between the two oxidation
states of iron.  Output is reported as “total iron” and is usually expressed as FeO.  In the East Hill
Suite, however, clinopyroxene with a large aegirine (NaFe3+Si2O6) component is a common,
rock-forming mineral; therefore, it is essential to have a scheme estimating ferric iron in such
analyses.
“Ca  40.50.5TiFe2 AlSiO6”
TITANAUGITE
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Aegirine-Augite Recalculation Scheme
In a recalculation of an analysis of a clinopyroxene that is free of high-valence cations
(Al3+, Ti4+, Zr4+, etc.), ferric iron is estimated stoichiometrically, by converting total iron (as
FeO) to Fe2O3 until the number of Fe3+ cations is equal to the number of Na cations.  The
balance of the iron remains as FeO and gives the estimated FeO analysis for the mineral.
Clinopyroxene from alkaline rock, however, is characterized by containing elevated
quantities of Al and Ti. (Donaldson 1977)  In accounting for these cations, Na must first be
allocated to charge-balance with Al3+ and Ti4+.  The remaining Na is then used to estimate Fe3+,
as described above.  This modified scheme is that used for most recalculations in this work, and
it provides reasonable results for nearly all the analyses.  The exceptions led to the second issue
in clinopyroxene recalculations, involving titanaugite analyses.
Titanaugite Recalculation Scheme
Several clinopyroxene analyses, especially amongst those from the nepheline
melasyenite, reported high amounts of Al2O3 (up to 7.98 wt.%) and TiO2 (up to 2.49 wt.%).
These analyses were of titanaugite crystals, as could easily be inferred from the chemistry, but
which was confirmed by examination in the petrographic microscope.  The contents of Al and Ti
were so high in certain analyses as to yield negative Fe3+ contents and Fe2+ contents in excess of
the analyzed iron.  Clearly, there was a problem with the recalculation scheme.  Furthermore, the
analyses were oxygen-deficient; that is, they indicated a surplus of cations (up to 4.1 cations
amongst the three cationic sites, versus an ideal content of 4.0).  In contrast with that of the
negative ferric iron, this phenomenon was found to be consistent with titanaugite analyses from
the literature. (Yagi & Onuma 1967; Tracy & Robinson 1977)  An examination of the
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recalculation scheme used by TRACY&ROBINSON (1977) shed some light on a possible solution
to the problem.
The approach is based on important differences between the crystal chemistry of
titanaugite and that of other clinopyroxenes. TRACY&ROBINSON (1977) found that certain
systematic chemical trends existed in titanaugite crystals from Tahiti.  Aluminum content is
positively correlated with that of titanium; magnesium and silicon are negatively correlated with
titanium.  Calcium content is not affected by variation in titanium.  These data are consistent
with experimental work by YAGI&ONUMA (1967) and are not believed to be unique to
titanaugite from a particular locality.
Perhaps more striking is the fact that sodium does not vary systematically with increasing
titanium. (Tracy & Robinson 1977)  This is in contrast to the usual sodium substitution
mechanism (hereafter referred to as the aegirine substitution) in clinopyroxenes (represented
simplistically):
Ca(Mg,Fe2+)Si2O6 ↔ Na(Fe3+,Al)Si2O6
in which sodium in the M(2) site is the primary actor in charge balance with substituted higher-
valence cations in the M(1) site.  It is important to make the distinction that TRACY&ROBINSON
(1977) do not contend that there is no substitution by the aegirine component but rather that
sodium is nearly exclusively devoted to charge balance with ferric iron and that its content in
titanaugite is generally insufficient to substantially play a role in charge balance with other high-
valence cations.  This sodium-deficiency, so to speak, also exists in titanaugite samples from the
East Hill Suite.
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TRACY&ROBINSON (1977) found that the T site is the main actor in charge balance with
high-valence cations in the M(1) site.  Plots of their site-occupancy data indicated that high-
valence cations were incorporated via the scheme:
2 [M(1)]Mg + 2 [T]Si ↔ [M(1)]Fe2+ + [M(1)]Ti4+ + 2 [T]Al
This amounts to a solid solution series between diopside and a hypothetical titanium- and
aluminum-rich end-member:
CaMgSi2O6  640.520.5 AlSiOTiCaFe 
This scheme accounts for the incorporation of Ti and Al into the structure without
invoking the presence of Na.  Note that as Ti is incorporated into the M(1) site, charge balance
arises from substitution of Al in the T site.  The aegirine substitution may then account for
substitution of ferric iron.  Indeed, there is excellent agreement with calculated ferric iron and
sodium content for East Hill Suite titanaugite samples; and while that may seem like faint praise,
as the ferric iron is still determined by charge balance with sodium, the fact that the estimated
ferric iron results in near-ideal site occupancies provides independent conceptual support.
The recalculation and site-assignment scheme for this work was based, with one
modification, on that used by TRACY&ROBINSON (1977), as it accounts for both T-site charge
balance of high-valence cations and oxygen deficiency (cationic surplus).  The recalculation
proceeds in the usual fashion, normalizing to 6 oxygen atoms, up to the point of calculating the
number of cations.  The number of cations is summed, and a correction factor is imposed to
normalize the number of cations to 4.0.  The normalized cations are then distributed amongst the
three sites.
All of the Si is given to the T site, and the balance of the site is filled with Al.  Note that
this is in contrast to the aegirine substitution, and more specifically to that found in jadeite, in
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which Al enters the M(1) site.  This is a result of the observation that Ti4+ is preferentially
excluded from the T site by Al, in high-Ti clinopyroxene, provided that sufficient Al and/or Fe3+
is available to fill the T site. (Dowty & Clark 1973)  Any remaining Al is given to M(1), which
then receives Sc, Ti, Zr, P, Mg, and Zn.  Distribution of iron between the ferrous and ferric states
in M(1) is held off until M(2) is filled.
TheM(2) site is filled with Na, K, Ca, Ba, and Mn2+. (Tracy & Robinson 1977)  The
scheme deviates from that of TRACY&ROBINSON (1977) in the disposition of REE.  Any REE
content is also partitioned to M(2), via substitution for Ca, according to the findings of FLEET&
PAN (1995).  The specific substitution in diopside of REE for Ca was documented by PAN&
FLEET (1996), who examined the stereochemical environment of and performed bond-valence
calculations on Ca atoms in a variety of calc-silicate minerals.  The M(2) site is then filled to 1.0
cations with Fe2+.
Following renormalization of the formulæ to 4.0 cations, TRACY&ROBINSON (1977) add
oxygen atoms to restore the oxygen total to 6; ferric iron content is calculated from added
oxygen.
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Nepheline Melasyenite
Augite and aegirine-augite occur as major minerals in the nepheline melasyenite.  There
appear to be two general populations of crystals.  The first population consists of blackish green,
subhedral to euhedral prismatic crystals to 2 mm in length by 1 mm in width.  In thin section,
these crystals are zoned, with pale green to tan cores and deep green rims.  This same disposition
of color is present in augite and aegirine-augite overgrowths on titanaugite.  The second group
comprises smaller crystals (50-100 μm in maximum dimension) that are usually deeper green
than the first group.  Both populations are pleochroic: X = emerald green, Y = greenish yellow,
Z = yellow green.  Augite and aegirine-augite are associated with titanite, magnetite, and annite
and may include or be included by the latter. Representative analyses of clinopyroxene are listed
in TABLE 34.  Clinopyroxene from the nepheline melasyenite plots from augite to aegirine-augite
(Figure 95), with compositions ranging from ae2di60hd38 to ae53di24hd22.  Clinopyroxene in the
nepheline melasyenite is enriched in Ti up to 1.33 wt% TiO2, Zr, in general, about 0.33 wt.% but,
in the extreme, up to 5.22 wt.% ZrO2, Al up to 2.91 wt.% Al2O3, Ce up to 0.99 wt.% Ce2O3, Mn
up to 1.85 wt.% MnO, and Zn up to 1.18 wt.% ZnO.
Titanaugite is present as a minor mineral in the nepheline melasyenite as dark, red-tinged,
blackish brown, euhedral to subhedral, prismatic crystals to 2 mm in length and width.  In thin
section, the titanaugite exhibits distinctive pleochroism, according to the scheme: X = reddish
tan, Y = light tan, Z = pale violet tan.  Some crystals are twinned on {100}.  Titanaugite is the
central species in a noteworthy mineral association in the nepheline melasyenite.  Titanaugite
crystals are overgrown with a thin rind of aegirine-augite; the suite of clinopyroxenes is then
corroded and embayed, replaced and overgrown by kaersutite, as rare thin veneers directly
overlying the titanaugite, or, more generally, taramite.  Annite may or may not be present along
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TABLE 34 – Representative electron microprobe analyses of clinopyroxene – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 9(6) 17c 15f Target: 9(6) 17c 15f
SiO2 (wt.%) 52.20 50.30 53.20 Cations
TiO2 0.79 0.37 0.15 Si 1.953 1.974 1.984ZrO2 0.14 1.38 0.00 Ti 0.022 0.011 0.004Al2O3 1.94 1.23 1.08 Zr 0.003 0.026 0.000Sc2O3 na na na Al 0.086 0.057 0.047REE2O3 0.60 0.00 0.82 Sc na na naLa2O3 na na na REE 0.008 0.000 0.011Ce2O3 0.60 0.00 0.82 Fe3+ 0.022 0.324 0.461FeOtot 12.42 20.70 21.52 Fe2+ 0.367 0.356 0.210MnO 1.18 1.67 1.70 Mn2+ 0.037 0.056 0.054
MgO 10.40 3.75 3.83 Mg 0.580 0.219 0.213
ZnO 0.24 0.00 0.54 Zn 0.007 0.000 0.015
CaO 20.64 13.95 12.51 Ca 0.827 0.587 0.500
BaO na na na Ba na na na
Na2O 1.48 5.00 7.04 Na 0.107 0.380 0.509K2O 0.01 0.00 0.00 K 0.001 0.000 0.000
SUM 102.05 98.36 102.38 ae 0.02 0.36 0.52
di 0.60 0.24 0.24
Fe2O3 0.77 10.96 16.44 hd 0.38 0.40 0.24FeO 11.73 10.84 6.73
NEW SUM 102.12 99.45 104.03 Normalized to 6 oxygen apfu
na = not analyzed
)Fe(Mg
Mg
2 0.61 0.38 0.50
)MnFe(Mg
Mg
22  0.59 0.35 0.45
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FIGURE 95 – Clinopyroxene compositions – Nepheline Melasyenite
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TABLE 35 – Representative electron microprobe analyses of titanaugite – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 8e 8g 11q 11s
SiO2 (wt.%) 47.13 45.95 40.61 40.16
TiO2 2.49 2.27 3.62 2.40
ZrO2 0.00 0.13 0.02 0.27
Al2O3 7.07 6.28 9.98 9.61
Sc2O3 na na na na
REE2O3 0.57 0.62 0.61 0.54
La2O3 na na na na
Ce2O3 0.57 0.62 0.61 0.54
FeOtot 9.77 9.15 17.61 22.58
MnO 0.54 0.54 1.17 1.65
MgO 10.41 10.40 8.57 6.20
ZnO 0.58 0.86 0.60 0.48
CaO 18.61 18.57 8.26 7.83
BaO na na na na
Na2O 1.73 1.64 3.68 3.22
K2O 0.00 0.00 1.29 1.33
SUM 98.89 96.41 96.02 96.27
Fe2O3 0.97 3.10 7.36 7.59
FeO 8.90 11.41 16.51 21.82
NEW SUM 98.99 101.77 102.28 103.10
)Fe(Mg
Mg
2 0.68 0.62 0.48 0.34
)MnFe(Mg
Mg
22  0.66 0.61 0.46 0.32
Normalized to 4 cations apfu
na = not analyzed
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TABLE 36 – Site-occupancies of titanaugite from TABLE 35 – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 8e 8g 11q 11s
T-site
Si 1.785 1.716 1.522 1.529
ivAl 0.215 0.277 0.441 0.431
[T] 2.000 1.992 1.963 1.960
M(1)-site
viTi 0.071 0.066 0.102 0.069
Zr 0.000 0.002 0.000 0.005
viAl 0.101 0.000 0.000 0.000
Sc na na na na
Fe3+ 0.028 0.087 0.208 0.217
Fe2+ 0.189 0.243 0.223 0.377
Mg 0.588 0.579 0.479 0.352
Zn 0.016 0.024 0.017 0.013
[M(1)] 0.992 0.999 1.029 1.033
M(2)-site
REE 0.008 0.008 0.008 0.007
Fe2+ 0.093 0.113 0.294 0.318
Mn2+ 0.017 0.017 0.037 0.053
Mg 0.000 0.000 0.000 0.000
Ca 0.755 0.743 0.332 0.319
Ba na na na na
Na 0.127 0.119 0.268 0.238
K 0.000 0.000 0.061 0.064
[M(2)] 1.000 1.000 1.000 1.000
Normalized to 4 cations apfu
na = not analyzed
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the fringes of the association.  Magnetite occurs sparingly near the margins of the titanaugite
crystals, though in instances wherein the titanaugite appears to have been completely replaced by
amphibole, a relic outline of magnetite is present within the pseudomorph. Representative
analyses of titanaugite are listed in TABLES 35 & 36.  Titanaugite from the nepheline melasyenite
is enriched in Ti up to 5.19 wt% TiO2, Zr up to 0.28 wt.% ZrO2, Al up to 12.19 wt.% Al2O3, Ce
up to 1.01 wt.% Ce2O3, Mn up to 1.65 wt.% MnO, and Zn up to 0.87 wt.% ZnO. In addition,
titanaugite analyses average 0.33 wt.% K2O, well above the average for other clinopyroxenes
from the nepheline melasyenite, 0.01 wt.% K2O.  Examination in the petrographic microscope
and SEM did not reveal any potassic inclusions near the target spots, so this may be real
potassium content.
Type 1 Nepheline Leucosyenite
Aegirine is a minor mineral in the Type 1 nepheline leucosyenite.  It occurs as black,
euhedral, acicular prismatic crystals to 3 mm length with aspect ratios ranging from 1:3 to 1:10
and as black, euhedral, blocky prismatic crystals to 3 mm in width by 4 mm in length.  Aegirine
is pleochroic, following the scheme: X = grass green, Y = yellow green, Z = greenish tan.
Representative analyses of clinopyroxene are listed in TABLE 37.  Clinopyroxene from the Type
1 nepheline leucosyenite has a narrow range of compositions, plotting nearly exclusively as
aegirine (Figure 96), with compositions ranging from ae79di5hd16 to ae86di10hd4.  Clinopyroxene
in the Type 1 nepheline leucosyenite is enriched in Ti up to 1.03 wt% TiO2, Al up to 1.61 wt.%
Al2O3, and Mn up to 2.10 wt.% MnO. Zn and K are minor substituents with up to 0.06 wt.%
ZnO and 0.14 wt.% K2O.
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TABLE 37 – Representative electron microprobe analyses of clinopyroxene – Type 1 Nepheline Leucosyenite
Lithology: Type 1Nepheline Leucosyenite
Sample: MSH-B-14
Target: 5d 6d Target: 5d 6d
SiO2 (wt.%) 49.04 49.25 Cations
TiO2 1.03 1.03 Si 1.947 1.944ZrO2 na na Ti 0.031 0.030Al2O3 0.57 1.61 Zr na naSc2O3 na na Al 0.026 0.075REE2O3 0.00 0.00 Sc na naLa2O3 na na REE 0.000 0.000Ce2O3 0.00 0.00 Fe3+ 0.782 0.731FeOtot 24.61 24.14 Fe2+ 0.035 0.066MnO 2.39 2.10 Mn2+ 0.080 0.070
MgO 1.51 1.39 Mg 0.090 0.082
ZnO 0.06 0.03 Zn 0.002 0.001
CaO 5.20 5.15 Ca 0.221 0.218
BaO 0.03 0.00 Ba 0.000 0.000
Na2O 10.50 10.53 Na 0.808 0.806K2O 0.00 0.14 K 0.000 0.007
SUM 94.93 95.37 ae 0.86 0.83
di 0.10 0.09
Fe2O3 26.17 24.61 hd 0.04 0.07FeO 1.06 2.00
NEW SUM 97.55 97.83 Normalized to 6 oxygen apfu
na = not analyzed
)Fe(Mg
Mg
2 0.72 0.55
)MnFe(Mg
Mg
22  0.44 0.38
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Type 2 Nepheline Leucosyenite
Aegirine is a trace mineral in Type 2 nepheline leucosyenite, in which it occurs as dark
green, subhedral to euhedral prismatic crystals to 6 mm in length.  Aegirine is pleochroic,
following the scheme: X = emerald green, Y = yellow green, Z = brown.  Clinopyroxene in the
Type 1 nepheline leucosyenite is enriched in Al up to 4.88 wt.% Al2O3 and Mn up to 2.39 wt.%
MnO.  Zn is a minor constituent, with up to 0.45 wt.% ZnO.
Type 3 Nepheline Leucosyenite
Aegirine occurs as a major mineral, and aegirine-augite occurs as a trace mineral, in the
Type 3 nepheline leucosyenite. Aegirine has two modes of occurrence.  The first is as dark
forest green, euhedral, prismatic, idiomorphic and interstitial crystals to 3 mm width by 7 mm
length.  These have a vitreous luster and exhibit crimson red internal reflections at some
fractures.  These crystals occur in clots up to 5 cm in diameter, in which the aegirine crystals are
interstitial to the felsic minerals in the assemblage, primarily, colorless sodalite pseudomorphs
after nepheline.  Aegirine is pleochroic, according to the scheme: X = deep emerald green, Y =
yellow green, Z = greenish amber. The pleochroism is undulose in some crystals with
concomitant undulose extinction.
The second mode of aegirine in the Type 3 nepheline leucosyenite is as the rims of
euhedral prismatic to interstitial crystals of sodic-calcic clinopyroxene.  These crystals are up to
4 mm in width and 10 mm in length and have augite or aegirine-augite cores.  The aegirine rims
are dark green to black, with a splendent vitreous luster; the aegirine-augite cores are dark olive
green, felty in appearance in hand specimen, and exhibit incipient alteration to hematite and
goethite.  These zoned crystals of clinopyroxene occur at or near the margins of aegirine clots.
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TABLE 38 – Representative electron microprobe analyses of clinopyroxene – Type 3 Nepheline Leucosyenite
Lithology: Type 3Nepheline Leucosyenite
Sample: MSH-B-10
Target: 4d 6d 7c Target: 4d 6d 7c
SiO2 (wt.%) 50.65 48.60 50.41 Cations
TiO2 0.27 0.16 0.32 Si 1.939 1.964 1.943ZrO2 na na na Ti 0.008 0.005 0.009Al2O3 0.65 0.66 0.96 Zr na na naSc2O3 na na na Al 0.029 0.031 0.043REE2O3 0.00 0.00 na Sc na na naLa2O3 na na na REE 0.000 0.000 naCe2O3 0.00 0.00 na Fe3+ 0.843 0.342 0.719FeOtot 26.32 25.52 25.65 Fe2+ 0.000 0.520 0.108MnO 2.01 3.01 2.01 Mn2+ 0.065 0.103 0.066
MgO 1.00 0.93 1.14 Mg 0.057 0.056 0.065
ZnO 0.08 0.00 0.16 Zn 0.002 0.000 0.005
CaO 5.65 14.62 7.73 Ca 0.232 0.633 0.319
BaO 0.11 0.00 0.05 Ba 0.002 0.000 0.001
Na2O 11.90 4.77 10.20 Na 0.883 0.374 0.762K2O 0.00 0.00 0.30 K 0.000 0.000 0.015
SUM 98.62 98.31 98.92 ae 0.94 0.37 0.81
di 0.06 0.06 0.07
Fe2O3 29.25 11.26 24.78 hd 0.00 0.57 0.12FeO 0.00 15.39 3.35
NEW SUM 101.55 99.43 101.40 Normalized to 6 oxygen apfu
na = not analyzed
)Fe(Mg
Mg
2 1.00 0.10 0.38
)MnFe(Mg
Mg
22  0.47 0.08 0.27
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FIGURE 96 – Clinopyroxene compositions – Nepheline Leucosyenite
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Representative analyses of clinopyroxene are listed in TABLE 38.  Clinopyroxene from the Type
3 nepheline leucosyenite has a wide range of compositions, with extremes near the end-members
of both augite and aegirine (Figure 96).  Cores tend to be more augitic than rims, although some
core compositions are more aegirine-rich than some rim compositions, indicating an extended
clinopyroxene crystallization window. Compositions range from ae6di6hd88 to ae98di2hd0.
Clinopyroxene in the Type 3 nepheline leucosyenite is enriched in Al up to 3.13 wt.% Al2O3, and
Mn up to 3.01 wt.% MnO. Ti, Zn, Ba, and K are minor substituents with up to 1.03 wt% TiO2,
0.17 wt.% ZnO, 0.12 wt.% BaO, and 0.61 wt.% K2O.
Eudialyte Syenite
Aegirine and aegirine-augite are major minerals in the eudialyte syenite, occurring as
euhedral, acicular crystals to 11 mm in length and 1 mm in width.  Some crystals that occur in
small vugs exhibit pyramidal terminations.  Aegirine and aegirine-augite in this syenite are dark
forest green in color, although gemmy crystals may appear lighter in color with yellow or red
tones to the green.  In thin section, the crystals are pleochroic, following the scheme: X =
emerald green, Y = yellow green, Z = greenish amber. Representative analyses of clinopyroxene
are listed in TABLES 39 & 40.  Clinopyroxene from the eudialyte syenite varies from aegirine-
augite to aegirine (Figure 97); cores are markedly more augitic than rims.  Compositions range
from ae31di25hd43 to ae100di0hd0.  Clinopyroxene in the eudialyte syenite is enriched in Ti up to
2.12 wt% TiO2, Zr up to 2.54 wt.% ZrO2, Al, in general, about 1.00-1.50 wt.% but, in the
extreme, up to 6.62 wt.% Al2O3, Mn, in general, about 1.00-2.00 wt.% but, in the extreme, up to
5.06 wt.% MnO. Sc and Ba are minor elements with up to 0.16 wt.% Sc2O3 and 0.13 wt.% BaO.
Clinopyroxene is slightly lower in Ti content in the altered eudialyte syenite than in the fresh.
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TABLE 39 – Representative electron microprobe analyses of clinopyroxene – Eudialyte Syenite
Lithology: Eudialyte Syenite
Sample: MSH-B-1
Target: 1c 11h 12a Target: 1c 11h 12a
SiO2 (wt.%) 53.60 51.31 50.61 Cations
TiO2 2.12 0.20 0.31 Si 1.965 1.909 1.986ZrO2 na na na Ti 0.058 0.024 0.009Al2O3 0.89 6.62 1.89 Zr na na naSc2O3 na na na Al 0.038 0.290 0.088REE2O3 na na na Sc na na naLa2O3 na na na REE na na naCe2O3 na na na Fe3+ 0.855 0.754 0.471FeOtot 27.89 24.56 23.95 Fe2+ 0.000 0.010 0.316MnO 1.68 0.43 1.47 Mn2+ 0.052 0.014 0.049
MgO 0.61 0.09 2.27 Mg 0.033 0.005 0.133
ZnO na na na Zn na na na
CaO 1.70 0.43 9.41 Ca 0.067 0.017 0.396
BaO na na na Ba na na na
Na2O 12.94 14.47 7.34 Na 0.920 1.044 0.558K2O 0.03 0.00 0.00 K 0.001 0.000 0.000
SUM 101.45 98.76 97.24 ae 0.96 0.98 0.51
di 0.04 0.01 0.14
Fe2O3 30.99 26.92 15.94 hd 0.00 0.01 0.34FeO 0.00 0.33 9.61
NEW SUM 104.55 101.45 98.83 Normalized to 6 oxygen apfu
na = not analyzed
)Fe(Mg
Mg
2 1.00 0.33 0.30
)MnFe(Mg
Mg
22  0.39 0.18 0.27
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TABLE 40 – Representative electron microprobe analyses of clinopyroxene – Altered Eudialyte Syenite
Lithology: Altered Eudialyte Syenite
Sample: MSH-B-2
Target: Aa 7a2 9d Target: Aa 7a2 9d
SiO2 (wt.%) 52.45 50.10 50.11 Cations
TiO2 0.28 0.29 0.27 Si 2.017 1.997 2.046ZrO2 0.84 1.41 0.81 Ti 0.008 0.009 0.008Al2O3 1.19 0.92 0.89 Zr 0.016 0.027 0.016Sc2O3 0.16 0.00 0.00 Al 0.054 0.043 0.043REE2O3 0.00 0.00 0.00 Sc 0.005 0.000 0.000La2O3 na na na REE 0.000 0.000 0.000Ce2O3 0.00 0.00 0.00 Fe3+ 0.785 0.475 0.281FeOtot 25.76 24.61 23.85 Fe2+ 0.044 0.346 0.533MnO 0.82 1.80 1.86 Mn2+ 0.027 0.061 0.064
MgO 0.58 1.03 1.51 Mg 0.033 0.061 0.092
ZnO 0.00 0.00 0.00 Zn 0.000 0.000 0.000
CaO 2.99 9.84 11.88 Ca 0.123 0.420 0.520
BaO 0.00 0.13 0.03 Ba 0.000 0.002 0.000
Na2O 11.25 6.71 4.10 Na 0.839 0.518 0.324K2O 0.00 0.02 0.02 K 0.000 0.001 0.001
SUM 96.31 96.86 95.31 ae 0.91 0.54 0.31
di 0.04 0.07 0.10
Fe2O3 27.12 15.83 9.16 hd 0.05 0.39 0.59FeO 1.36 10.37 15.60
NEW SUM 99.03 98.44 96.23 Normalized to 6 oxygen apfu
na = not analyzed
)Fe(Mg
Mg
2 0.43 0.15 0.15
)MnFe(Mg
Mg
22  0.32 0.13 0.13
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FIGURE 97 – Clinopyroxene compositions – Eudialyte Syenite
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Feldspar-Aegirine Dikes
Aegirine is a major mineral in the feldspar-aegirine dikes. It occurs as dark green,
charcoal grey, and black, euhedral, tapering crystals to 1.5 cm in width by 5 cm in length.  Ranks
of crystals in some dikes are curved along their length, indicating shear during crystallization.
All crystals are wider at their terminations than at their bases.  In thin section, aegirine exhibits
possible twinning on {100}.  Crystals that have [001] parallel to the stage display prominent
color zoning in an hourglass or concentric pattern.  Aegirine is pleochroic with the scheme: X =
emerald to grass green, Y = yellow green, Z = amber.  Representative analyses of clinopyroxene
are listed in TABLE 41.  Clinopyroxene from the feldspar-aegirine dikes is strictly aegirine
(Figure 98).  Compositions range from ae80di1hd19 to ae100di0hd0.  Clinopyroxene in the feldspar-
aegirine dikes is enriched in Ti up to 1.35 wt% TiO2, Zr up to 3.06 wt.% ZrO2, Al up to 1.66
wt.% Al2O3, and Mn up to 1.50 wt.% MnO.  Ba is a minor constituent with up to 0.17 wt.% BaO.
Annite Lamprophyre
Aegirine occurs as a minor mineral in the annite lamprophyre.  Aegirine-augite is a rare
phase, found only in the core of one analyzed pyroxene crystal.  Aegirine is present as dark green
to black, subhedral, prismatic crystals to 1.5 mm in length.  They are pleochroic according to the
scheme: X = grass green, Y = yellow green, Z = amber.  Chemical zonation that is evident from
electron microprobe analyses is invisible in thin section.  Representative analyses of
clinopyroxene are listed in TABLE 42.  Compositions range from ae91di1hd8 to ae99di1hd0 (Figure
99).  Clinopyroxene in the annite lamprophyre is enriched in Ti up to 1.57 wt% TiO2 but with
most analyses below 0.50 wt.%, Zr up to 1.76 wt.% ZrO2, Al up to 1.13 wt.% Al2O3, Mn up to
1.26 wt.% MnO but with most analyses below 0.25 wt.%, and Zn up to 3.23 wt.% ZnO.
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TABLE 41 – Representative electron microprobe analyses of clinopyroxene – Feldspar-Aegirine Dikes
Lithology: Feldspar-Aegirine Dikes
Sample: MSH-B-3
Target: 9d 14d 15b Target: 9d 14d 15b
SiO2 (wt.%) 49.46 50.88 50.63 Cations
TiO2 1.30 0.71 1.18 Si 1.949 1.980 1.958ZrO2 3.06 0.00 1.41 Ti 0.038 0.021 0.034Al2O3 0.98 1.53 1.06 Zr 0.059 0.000 0.027Sc2O3 0.00 0.00 0.00 Al 0.046 0.070 0.048REE2O3 0.00 0.00 0.00 Sc 0.000 0.000 0.000La2O3 na na na REE 0.000 0.000 0.000Ce2O3 0.00 0.00 0.00 Fe3+ 0.795 0.856 0.854FeOtot 25.98 26.30 26.41 Fe2+ 0.061 0.000 0.000MnO 0.79 0.62 0.88 Mn2+ 0.026 0.020 0.029
MgO 0.15 0.14 0.09 Mg 0.009 0.008 0.005
ZnO 0.00 0.00 0.00 Zn 0.000 0.000 0.000
CaO 1.83 1.16 1.62 Ca 0.077 0.048 0.067
BaO 0.09 0.09 0.13 Ba 0.001 0.001 0.002
Na2O 11.00 12.72 13.00 Na 0.841 0.959 0.975K2O 0.02 0.01 0.01 K 0.001 0.001 0.000
SUM 94.66 94.17 96.41 ae 0.92 0.99 0.99
di 0.01 0.01 0.01
Fe2O3 26.80 29.23 29.35 hd 0.07 0.00 0.00FeO 1.86 0.00 0.00
NEW SUM 97.34 97.10 99.35 Normalized to 6 oxygen apfu
na = not analyzed
)Fe(Mg
Mg
2 0.12 1.00 1.00
)MnFe(Mg
Mg
22  0.09 0.29 0.15
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FIGURE 98 – Clinopyroxene compositions – Feldspar-Aegirine Dikes
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TABLE 42 – Representative electron microprobe analyses of clinopyroxene – Annite Lamprophyre
Lithology: Annite Lamprophyre
Sample: MSH-B-6
Target: 12d 13b 13g Target: 12d 13b 13g
SiO2 (wt.%) 51.95 53.45 53.83 Cations
TiO2 1.57 0.41 0.43 Si 1.938 1.991 2.004ZrO2 1.76 0.45 0.24 Ti 0.044 0.012 0.012Al2O3 1.13 0.89 0.85 Zr 0.032 0.008 0.004Sc2O3 na na na Al 0.050 0.037 0.037REE2O3 0.11 0.06 0.08 Sc na na naLa2O3 0.11 0.06 0.08 REE 0.002 0.001 0.001Ce2O3 0.00 0.00 0.00 Fe3+ 0.890 0.887 0.879FeOtot 28.52 29.52 29.45 Fe2+ 0.000 0.033 0.038MnO 0.18 0.17 0.25 Mn2+ 0.006 0.005 0.008
MgO 0.19 0.25 0.21 Mg 0.011 0.014 0.011
ZnO 2.17 1.63 1.42 Zn 0.060 0.045 0.039
CaO 0.17 0.70 0.68 Ca 0.007 0.028 0.027
BaO na na na Ba na na na
Na2O 13.23 12.82 12.70 Na 0.956 0.926 0.917K2O 0.00 0.00 0.00 K 0.000 0.000 0.000
SUM 100.99 100.33 100.13 ae 0.99 0.95 0.95
di 0.01 0.01 0.01
Fe2O3 31.70 31.64 31.38 hd 0.00 0.04 0.04FeO 0.00 1.05 1.21
NEW SUM 104.16 103.50 103.27 Normalized to 6 oxygen apfu
na = not analyzed
)Fe(Mg
Mg
2 1.00 0.30 0.23
)MnFe(Mg
Mg
22  0.66 0.27 0.20
266
hd0 10 20 30 40 50 60 70 80 90 100
ae
0
10
20
30
40
50
60
70
80
90
100
di
0
10
20
30
40
50
60
70
80
90
100
large crystals - cores
large crystals - rims
small crystals
FIGURE 99 – Clinopyroxene compositions – Annite Lamprophyre
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East Hill Suite Clinopyroxene
Minerals of the pyroxene group exhibit a consistent increase in aegirine component
through the sequence of lithologies in the East Hill Suite (Figure 100).  Augite and aegirine-
augite are prominent, along with minor titanaugite, in the nepheline melasyenite.  They are
quickly supplanted by aegirine-augite in diminishing proportion and aegirine in increasing
proportion through the remaining syenites.  The average proportion of aegirine component in
clinopyroxene, however, more or less reaches a plateau in the nepheline syenites and the
eudialyte syenite.  There is a slight decrease in the average aegirine content of clinopyroxene in
the eudialyte syenite, owing to crystal cores enriched in aegirine-augite relative to those of the
nepheline syenites.
An earlier study from the East Hill suite suggested a much shorter and less varied
evolutionary history for clinopyroxene (Figure 101). (Piilonen et al. 1998)  However, that study
focused on clinopyroxene from microenvironments in the East Hill Suite (viz. aplites, igneous
breccias, miaroles, pegmatites, and syenite xenoliths).  In doing so, they excluded major
clinopyroxene-bearing rock types that constitute a larger volumetric fraction of the East Hill
suite and that represent a more significant assemblage with respect to magmatic evolution.
Interestingly, the compositional trend described by PIILONEN ET AL. (1998) follows a somewhat
different path than that seen in this study; their trend notably lacks hedenbergite enrichment prior
to trending towards aegirine. Although the path described by PIILONEN ET AL. (1998) deviates
from the mean clinopyroxene compositional trend from this study, it overlaps numerous
individual analyses.  Rather than a separate evolutionary trend, their limited sample set simply
may represent a portion of the complete range of East Hill suite clinopyroxene compositions.
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FIGURE 100 – Compositional evolution of clinopyroxene – East Hill suite
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Investigators ascribe the compositional evolution of clinopyroxene towards aegirine to
numerous mechanisms.  One of the more popular and intuitive explanations is that increasing
2Of increases the Fe3+/Fe2+ ratio in the melt and, consequently, in ferromagnesian phases. (Aoki
1964; Yagi 1966; Nash & Wilkinson 1970; Larsen 1976; Mitchell & Platt 1978; Stephenson &
Upton 1982) PLATT&WOOLLEY (1986) state that while clinopyroxene compositions may
evolve towards aegirine under low
2Of conditions, oxygen fugacities above QFM invariably
result in enrichment in the aegirine molecule.  It is important to recognize, however, that the
causes of compositional evolution in clinopyroxene are circumstantial and that aegirine
enrichment can occur even under low
2Of conditions via increased alkalinity of the melt.
(Anderson 1974; Mitchell & Platt 1978; Stephenson & Upton 1982; Platt & Woolley 1986)
These latter conditions appear to be precisely the case in the East Hill suite.  Oxygen
fugacity estimates from amphibole, magnetite, and mica compositions portray a trend of early,
substantial decrease in oxygen fugacity with temperature followed by a leveling off of oxygen
fugacity while temperature continues to decrease.  As oxygen fugacity is decreasing while the
aegirine component of clinopyroxene is increasing, the elevated Fe3+ in East Hill suite
clinopyroxene must be the result of increasing alkalinity in the melt.  This is also evident from a
reëxamination of FIGURE 100.  The early compositional trend in East Hill suite clinopyroxene is
one of hedenbergite enrichment.  About halfway through the evolution of clinopyroxene in the
nepheline melasyenite, the trend turns abruptly towards aegirine, and trends of all subsequent
lithologies parallel this path.  This turning point represents the paragenetic moment when
amphibole crystallization switched from calcic to sodic-calcic compositions and, not to put too
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FIGURE 101 – Compositional trend in clinopyroxene in the East Hill suite from this study (blue), compared to East
Hill suite data from PIILONEN ET AL. (1998) (red) and trends from other alkaline complexes.  (1)
Ilímaussaq, Greenland (Larsen 1976), (2) Morutu, Japan (Yagi 1966), (3) South Qôroq, Greenland
(Stephenson 1972), (4) Auvergne, France (Varet 1969), (5) Little Murun, Russia (Mitchell & Vladykin
1996), (6) Fen, Norway (Mitchell 1980), (7) Magnet Cove, Arkansas (Flohr & Ross 1990), (8)
Coldwell, Ontario (Mitchell & Platt 1982), (9) North Nyasa, Malawi (Eby et al. 1998).
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fine a point on it, the moment at which oxygen fugacity became sufficiently low as to cease
influencing Fe3+ in silicates.
PIILONEN ET AL. (1998) also propose that the high aegirine content of East Hill suite
clinopyroxene was a consequence of elevated oxygen fugacity in the East Hill suite magma.
They did not, however, address independent mineralogical estimates of oxygen fugacity, which
clearly point to decreasing oxygen fugacity with the evolution of the East Hill suite magma.
The shift towards high-aegirine compositions in the middle of the nepheline melasyenite
indicates that the East Hill suite magma became peralkaline early in its evolution, despite having
started by crystallizing the nepheline melasyenite, a rather miaskitic lithology.  The
clinopyroxene trend of the East Hill suite is, indeed, comparable to that of several peralkaline
intrusive complexes (Figure 101), most notably those of Morutu, Auvergne, South Qôroq, and
North Nyasa (Yagi 1966; Varet 1969; Stephenson 1972; Eby et al. 1998), the trends of all of
which show hedenbergite enrichment followed by a relatively early onset of peralkalinity.
Auvergne and North Nyasa exhibit particularly similar trends to that of the East Hill suite, with a
more or less continuous aegirine enrichment gradient, though becoming peralkaline even earlier
in their evolutionary history.  Morutu and South Qôroq became peralkaline relatively later in
their history and their clinopyroxene compositions more suddenly turned towards aegirine. At
the outset, clinopyroxene from Auvergne and South Qôroq show more diopsidic compositions
than the trend for the East Hill suite, though not for Mont Saint-Hilaire as a whole. (Greenwood
& Edgar 1984)
In spite of numerous petrological and mineralogical similarities to the East Hill suite, on
the scale of the whole complex, clinopyroxene from Ilímaussaq, Coldwell, and Magnet Cove
most certainly follow a distinct trend with a strong enrichment in hedenbergite prior to
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crystallization of aegirine, indicating a later onset of peralkalinity. (Larsen 1976; Mitchell &
Platt 1982; Flohr & Ross 1990) In contrast to the East Hill suite and, in particular, to the
immediately preceding complexes, Fen and Little Murun exhibit peralkaline trends in their
clinopyroxene, with essentially no hedenbergite enrichment, right from the beginning of
crystallization. (Mitchell 1980; Mitchell & Vladykin 1996)  The compared trends are for entire
complexes, however, and early high-diopside compositions are also the case for Mont Saint-
Hilaire as a whole. (Greenwood & Edgar 1984) Therefore, the East Hill suite became
peralkaline relatively early, but on the scale of the entire complex, the timing of the onset of
peralkalinity for the Mont Saint-Hilaire magma is intermediate between early-peralkaline
complexes such as Fen and late-peralkaline complexes such as Ilímaussaq.
Trace element variation with the fractionation index (Na – Mg) overall suggests a single
fractionation trend for clinopyroxene in the studied lithologies. Compositional trends are
generally well defined with excursions that are unrelated to separate fractionation events.  Ti
content was elevated early on (Figure 102), though it declined sharply as fractionation proceeded
out of the nepheline melasyenite due to the depletion of the melt in Ti by titanaugite, kaersutite,
titanite, and magnetite; also, there is a curious slight elevation in Ti in the most evolved
lithologies.  In contrast, Zr content began near zero and steadily rose through the fractionation
sequence (Figure 103).
Systematic zoning of Ti and Zr in clinopyroxene, with high-Zr cores and high-Ti rims, is
not uncommon in alkaline complexes, due to the so-called “peralkaline effect”. (Farges et al.
1994) The action of the “peralkaline effect” is in two parts.  In the first, elevated alkalis
depolymerize the melt, promoting the formation of viTi and viZr and allowing their incorporation
into clinopyroxene. In the second, increasing oxygen fugacity during crystallization drives the
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FIGURE 102 – Variation of Ti with fractionation in clinopyroxene – East Hill suite
274
Na - Mg (apfu)
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
ZrO
2 (w
t.%
)
0
1
2
3
4
5
6
Nepheline Melasyenite
Nepheline Melasyenite (titanaugite)
Eudialyte Syenite
Feldspar-Aegirine Dikes
Annite Lamprophyre
FIGURE 103 – Variation of ZrO2 with fractionation in clinopyroxene – East Hill suite
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formation of viZr–O–(Si,Na) complexes that sequester Zr in the melt and create a local
coördination environment more suitable to inclusion in alkali zirconosilicates.  Increased oxygen
fugacity does not affect the behavior of viTi, so it remains available for incorporation into
clinopyroxene.  Consequently, under both of these conditions, earlier-formed clinopyroxene
would be enriched in Zr and later-formed clinopyroxene would be enriched in Ti. Since the Zr-
rich clinopyroxene forms under less evolved conditions, it is relatively rich in Ca; likewise, the
later Ti-rich clinopyroxene is relatively high in Na. (Gomes et al. 1970; Watson 1979; Jones &
Peckett 1980; Farges et al. 1994; Piilonen et al. 1998) Zoned clinopyroxene that follows this
pattern is observed in the East Hill suite. (Piilonen et al. 1998)
Yet, the geochemical consequences of the “peralkaline effect” are not observed in
clinopyroxene in the East Hill suite, as a whole.  Ti content of clinopyroxene does increase
slightly towards the end of fractionation, but Zr content increases continuously, in spite of
coexisting alkali zirconosilicates. Also, the late-stage increase in Ti is a general geochemical
feature of the East Hill suite. Whole rock Ti content increases progressively from the nepheline
leucosyenites through the eudialyte syenite, pegmatites, various syenoids, and feldspar-aegirine
dikes. Astrophyllite becomes relatively common in the highly evolved syenoids, and there is
extensive evidence of Ti exhalation into the hornfels aureole in the presence of anatase, brookite,
and rutile, as well as astrophyllite and narsarsukite, Na2(Ti,Fe3+)Si4(O,F)11. (Horváth & Gault
1990) Ti exhalation is not unique to the East Hill suite; brookite is abundant in the novaculite
surrounding the Magnet Cove complex. (Fryklund & Holbrook 1950; Flohr 1994)  Empirically,
the late-stage increase in Ti in the melt is not uncommon in alkaline systems as a result of
fractionation. (Wm. B. Simmons, Jr., pers. comm.)
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The only substantial evidence for a relative shift towards an oxidative environment is
from the presence of hematite in the feldspar-aegirine dikes and hydrothermal natrolite in several
lithologies, both of which would be either terminal magmatic or post-magmatic parageneses.
Field and geochemical evidence indicates that the feldspar-aegirine dikes were essentially
emplaced at the end of the East Hill suite magmatic phase.  Intrafascicular textures and strongly
tapered crystals in these dikes are indicative of rapid crystallization, and alkali feldspar
geothermometry suggests emplacement temperatures near the solidus.  At such temperatures, at
or below 500°C, the slope of the HM buffer steepens to the point that simply cooling the melt
can drive it across the buffer into the hematite stability field.  Natrolite formation is promoted by
a decrease in pH (Eitel 1964), and arguably this could positively influence oxidizing conditions.
Both of these minerals, however, reflect circumstances that would have developed too late to
affect the geochemical environment surrounding clinopyroxene crystallization. Independent
geochemical evidence uniformly points to generally decreasing oxygen fugacity through the
magmatic crystallization sequence of the East Hill suite, and the persistent increase in Zr in
clinopyroxene is consistent with these conditions, as lower oxygen fugacity creates a
geochemical environment in the melt that is favorable to the incorporation of Zr in
clinopyroxene.
Therefore, the increase in Ti in clinopyroxene in the more evolved lithologies is probably
not related to the “peralkaline effect” sensu stricto, although the peralkaline character of the melt
almost certainly played a major role in the clinopyroxene crystal chemistry. The fundamental
question with respect to Ti and Zr is which molecule governs their incorporation into
clinopyroxene.  Are they present as a Ca molecule, such as Ca(Ti,Zr)Al2O6 (Jones & Peckett
1980; Farges et al. 1994; Coulson 2003), or as a Na molecule, either via aegirine-neptunite,
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124222 OTiSiFeNa  , solid solution (Ferguson 1977) or as strict clinopyroxene solid solution,
Na(Fe2+,Mg)0.5(Ti,Zr)0.5Si2O6 (Grapes et al. 1979; Nielsen 1979; Jones & Peckett 1980; Ranløv
& Dymek 1991)? An examination of the relationships between Na and M(1) cations may shed
some light on the basis of the compositional trends. [M(2)]Na – [M(1)](Ti + Zr + Al + Fe3+)
calculates to within an average of 0.024 apfu of zero, suggesting that both Ti and Zr are balanced
against Na, rather than discrete Ca-Zr and Na-Ti couplings.
A plot of Ti versus FMM (Fe2+ + Mn + Mg) (Figure 104) shows a slight general negative
correlation between Ti and FMM.  Titanaugite analyses stand off the main trend at high FMM
values and themselves do not exhibit a strong trend.  A comparable plot for Zr (Figure 105)
reveals a more consistent negative correlation. This shows that the clinopyroxene solid solution
mechanism, [M(1)](Fe2+,Mn,Mg)0.5 + [M(1)](Ti,Zr)0.5 ↔ [M(1)]Fe3+ is dominant, meaning that, for
compositions other than titanaugite, the Na(Fe2+,Mg)0.5(Ti,Zr)0.5Si2O6 molecule (Grapes et al.
1979; Nielsen 1979; Jones & Peckett 1980; Ranløv & Dymek 1991) is responsible for Ti and Zr
incorporation and that Ca and Zr, though negatively autocorrelated, are largely decoupled in
clinopyroxene in the East Hill suite.
Similarly, Ti shows no correlation with Al (Figure 106) except for augite and titanaugite
compositions from the nepheline melasyenite, in which they are strongly positively correlated.
This positive correlation is to be expected due to the titanaugite substitution mechanism:
2 [M(1)]Mg2+ + 2 [T]Si4+ ↔ [M(1)]Fe2+ + [M(1)]Ti4+ + 2 [T]Al3+
The lack of correlation for clinopyroxene from other lithologies shows that molecules such as
CaTiAl2O6 are of little to no importance in the East Hill suite clinopyroxene. Essentially the
same result is seen for Zr (Figure 107) except that Zr content does not correlate with Al content,
showing that CaZrAl2O6 is not significant, either.
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FIGURE 104 – Variation of Ti with ferromagnesian elements in clinopyroxene – East Hill suite
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FIGURE 105 – Variation of Zr with ferromagnesian elements in clinopyroxene – East Hill suite
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FIGURE 106 – Ti versus Al in clinopyroxene – East Hill suite
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FIGURE 107 – Zr versus Al in clinopyroxene – East Hill suite
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Aegirine-augite from the peralkaline potassic Buhovo-Seslavtzi complex, Bulgaria, is
enriched in both Ti and Zr.  At Buhovo-Seslavtzi, Zr enrichment is associated with mildly
peralkaline conditions and Ti enrichment with strongly peralkaline conditions.  Buhovo-
Seslavtzi, however, crystallized under highly oxidizing conditions, between the HM and NNO
buffers (Dyulgerov & Platevoet 2006), thus allowing the “peralkaline effect” to be in force.
Similar high-Ti aegirine is found in teschenite sills in the Sydney Basin, Australia, again under
high
2Of conditions. (Martin 1984)
Conversely, exceedingly Zr-rich, up to 7.0 wt.% ZrO2, aegirine occurs in the Motzfeldt
Centre, Greenland, having crystallized under peralkaline, low
2Of conditions. (Jones & Peckett
1980)  Even more spectacular Zr enrichment, up to 14.5 wt.% ZrO2, is seen in aegirine from
Warrumbungle volcano, Australia, at which particularly low
2Of , probably below the QFM
buffer, prevailed. (Duggan 1988)
It would seem that the partitioning of Zr between clinopyroxene and alkali
zirconosilicates is the result of a dual balance between peralkalinity and oxygen fugacity.  High
peralkalinity tends to favor assimilation of Zr by alkali zirconosilicates; low peralkalinity favors
clinopyroxene.  Similarly, high oxygen fugacity favors the exclusion of Zr from clinopyroxene,
and low oxygen fugacity favors Zr-rich clinopyroxene.  Obviously, however, these parameters
are free to vary independently, so the relative abundances of these phases, as well as the degree
of Zr enrichment in clinopyroxene, may be highly variable depending on local conditions.  The
simultaneous occurrence of late-stage, Zr-rich (up to about 3.0 wt.% ZrO2) aegirine and alkali
zirconosilicates in the East Hill suite points to and supports the external evidence for both a high
level of peralkalinity and low oxygen fugacity.
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Variation of Al with fractionation (Figure 108) initially would appear to suggest two
fractionation trends; however, early Al enrichment is common in alkaline complexes
(Stephenson & Upton 1982; Platt & Woolley 1986), probably owing to early crystallization of
titanaugite.  Ferric iron clearly exhibits a single fractionation trend (Figure 109) but its variation
follows two different slopes.  In the nepheline melasyenite, the Na-Zr and, in particular, the
jadeite molecules are more important, as shown by the more rapid increase in Na content than
Fe3+, the slight Zr content, and the elevated Al contents of nepheline melasyenite clinopyroxene.
Ferric iron is more closely correlated with Na in more evolved lithologies, but a plot of Fe3+
versus Na (Figure 110) still shows a faster increase in Na than Fe3+.  Arguably, the excess
sodium could be consumed by Ti and Zr, but Na – (Ti + Zr + Fe3+) is not only positive but close
to the content of Al for nearly all analyses, suggesting that jadeite is of some importance
throughout the crystallization sequence of the East Hill suite.
Mn content follows an interesting arc through fractionation (Figure 111), increasing early
and decreasing in the most evolved lithologies.  This pattern is seen in other alkaline complexes,
such as North Qôroq, Greenland.  At North Qôroq, the highest Mn contents occur in
clinopyroxene that crystallized at about the same time the compositions began to turn away from
hedenbergite (Coulson 2003), and the same concurrence is found in the East Hill suite.
COULSON (2003) speculates that Mn3+ may play a role in clinopyroxene crystal chemistry in
high-Mn alkaline pyroxenes.  This would either require an especially oxidizing environment or
some similar chemical extreme such as excessive peralkalinity.  In the East Hill suite
clinopyroxenes, [M(2)]Na – [M(1)](Ti + Zr + Al + Fe3+) leaves residual Na that could balance Mn3+
in less than 10% of analyses, and none of them are in the high-Mn portion of the trend. Mn3+ in
East Hill suite clinopyroxenes cannot be excluded, but the evidence in favor is not strong.
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FIGURE 108 – Variation of Al with fractionation in clinopyroxene – East Hill suite
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FIGURE 109 – Variation of Fe3+ with fractionation in clinopyroxene – East Hill suite
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FIGURE 110 – Fe3+ versus Na in clinopyroxene – East Hill suite
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FIGURE 111 – Variation of Mn with fractionation in clinopyroxene – East Hill suite
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SULFIDES
Acanthite
Ag2S
Eudialyte Syenite
Acanthite has been tentatively identified as a rare mineral in the eudialyte syenite.  One
anhedral crystal, about 0.3 mm in maximum dimension, was found associated with alkali
feldspar and natrolite.  The specimen is charcoal grey with brassy overtones and a dull metallic
luster.  Identification was based on EDS analysis and physical properties (color and luster).
Alabandite
MnS
Type 1 Nepheline Leucosyenite
Alabandite has been tentatively identified as a rare mineral in the Type 1 nepheline
leucosyenite.  It occurs as a skeletal, anhedral crystal 3 μm wide by 10 μm long, directly
associated with sérandite and an unidentifiable mass of similar size that yields a Ba, Th, and Si
signature with EDS analysis.  The lot is associated with aegirine-augite and is collectively
included by an albitized microcline crystal.
Identification of the mineral began with EDS analysis, which yielded a clean Mn and S
signature; this indicates either a manganese sulfide or a manganese sulfate.  Manganese sulfates,
such as jokokuite (MnSO4 · 5 H2O), mallardite (MnSO4 · 7 H2O), or szmikite (MnSO4 · H2O)
typically form under surface p-T conditions in subaerial or aqueous environments. (Anthony et
al. 2003)  Considering the association and texture of the specimen and its environment of
formation, it seemed a fair assumption to eliminate manganese sulfates and their allies, leaving
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manganese sulfides for consideration.  There are two manganese sulfide minerals: alabandite,
MnS, and hauerite, MnS2.  There was no good basis for comparison to try to estimate
stoichiometry from relative EDS peak heights; so, an alternative discriminator was needed.
Alabandite is typically found in epithermal vein deposits, associated with galena, pyrite,
and sphalerite.  Hauerite is typically found as a precipitate from high-sulfur hydrothermal fluids,
in association with gypsum and native sulfur (Palache et al. 1966).  The former assemblage is
representative of the sulfur-bearing species in the Type 1 nepheline leucosyenite. Therefore,
alabandite seems a likely identity for this specimen. Alabandite is α-MnS (Tappero et al. 1997),
but it is interesting to note that sodium silicate gels have been used to synthesize -MnS
(Schwartz et al. 1967), suggesting some commonality in chemical environments favorable to the
formation of the various MnS polymorphs.
Arsenopyrite
FeAsS
Type 1 Nepheline Leucosyenite
Arsenopyrite is found as a rare mineral in the Type 1 nepheline leucosyenite.  It occurs as
a subhedral crystal 5 μm in maximum dimension.  The shape of the crystal appears to be a
combination of {210} and {101}, although it is impossible to determine the dominant form,
owing to the small size of the specimen.  It is directly associated with sphalerite, and it occurs at
the interface between a crystal of manganoan pectolite and one of an unidentified Na-Zr silicate.
Identification was on the basis of EDS analysis.
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Chalcopyrite
CuFeS2
Eudialyte Syenite
Chalcopyrite was tentatively identified as a trace mineral in the eudialyte syenite as
anhedral, blebby grains to 10 μm, embedded in natrolite.  Identification is on the basis of EDS
analysis.  Differentiation from cubanite [CuFe2S3] was primarily on the basis of the observed
Cu:Fe ratio.
Covellite
CuS
Eudialyte Syenite
Covellite was tentatively identified as a trace mineral in the eudialyte syenite.  It is
present as blebby crystals to 10 μm in natrolite.  Identification was on the basis of EDS analysis.
Differentiation from chalcocite [Cu2S] was on the basis of Cu:S ratio.
Galena
PbS
Nepheline Melasyenite
Galena has been found as a rare mineral in the nepheline melasyenite.  It occurs as a
colloform to dendritic aggregate of subhedral to euhedral cubic crystals, individually to 5 μm and
collectively to 40 μm.  This mass occurs within a crystal of aegirine-augite.  Identification was
on the basis of EDS analysis and on examination in the petrographic microscope (opaque).
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Type 2 Nepheline Leucosyenite
Galena is a rare mineral in the Type 2 nepheline leucosyenite.  It occurs as an elongate
cubic crystal to 5 μm in length.  It is found associated with pyrite and aegirine-augite.
Identification was on the basis of EDS analysis and optical properties (opaque).
Eudialyte Syenite
Galena occurs in the eudialyte syenite as a trace mineral.  It is present as anhedral, blebby
grains to 10 μm, embedded in natrolite.  Identification was on the basis of EDS analysis and
optical properties (opaque).
Annite Lamprophyre
Galena was found as a single crystal in a specimen of annite lamprophyre.  This
individual is a euhedral elongate cube, 1.5 mm in its maximum dimension.  It is found associated
with natrolite, sphalerite, and annite.  Identification was based on EDS analysis, visual hand
specimen examination, and examination in the petrographic microscope under reflected light
(isotropic, bright white color, cubic cleavage, triangular pits along cleavage).
Feldspar-Aegirine Dikes
Galena occurs as a rare mineral in the feldspar-aegirine dikes.  It is found as anhedral
grains to 15 μm, embedded in microcline, and associated with aegirine.  It is also seen as an
anhedral grain, 20 μm in diameter, included by natrolite.  Identification was on the basis of EDS
analysis.
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Molybdenite
MoS2
Type 2 Nepheline Leucosyenite
Molybdenite is present as a rare mineral in the Type 2 nepheline leucosyenite.  It occurs
as subhedral to euhedral platy crystals to 40 μm in diameter.  They occur in association with
sodalite pseudomorphs after nepheline, natrolite, and pyrochlore.  Identification was based on
EDS analysis and morphology in the SEM.
Type 3 Nepheline Leucosyenite
Molybdenite occurs as a rare mineral in the Type 3 nepheline leucosyenite as an opaque,
subhedral, idiomorphic, hexagonal tabular crystal 90 μm in diameter.  It is associated with
aegirine-augite and kupletskite.
Pyrite
FeS2
Nepheline Melasyenite
Pyrite occurs as a trace mineral in the nepheline melasyenite, in which it is found as
subhedral to euhedral cubic and cuboctahedral crystals to 0.7 mm in diameter.  When freshly
broken, they are brassy yellow in color, but may appear purplish red on tarnished surfaces and
may be partly oxidized to hematite, giving a rusty stain to the surrounding rock.  It is associated
with aegirine-augite, magnetite, titanite, and alkali feldspar.  Also, it is found as inclusions in
titanaugite, taramite, and hastingsite.  Identification was based on EDS analysis.  Differentiation
was made from other iron sulfide species based on the Fe:S ratio.
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Type 1 Nepheline Leucosyenite
Pyrite occurs as a trace mineral in the Type 1 nepheline leucosyenite.  It is found as
subhedral to euhedral cubic crystals to 20 μm on edge.  They are included by natrolite reaction
rims on sodalite pseudomorphs after nepheline.  This association, and the fact that pyrite is the
only opaque mineral found in these reaction rims, suggests that the minuscule crystals described
in natrolite in the Type 1 nepheline leucosyenite are also pyrite.  Finely disseminated pyrite
would tint the natrolite reaction rim black, as is observed.  This broader association of sodalite
pseudomorphs after nepheline, rimmed by pyrite-included natrolite, was also described by TICE
(1995) in a sodalite-nepheline syenite pegmatite in the East Hill Suite.  Identification was on the
basis of EDS analysis and morphology.
Type 2 Nepheline Leucosyenite
Pyrite is found as a trace mineral in the Type 2 nepheline leucosyenite as anhedral
crystals to 35 μm, associated with sodalite pseudomorphs after nepheline, aegirine-augite,
galena, and siderite.  Identification was on the basis of EDS analysis.
Eudialyte Syenite
Pyrite occurs in the eudialyte syenite as anhedral grains to 10 μm.  It is found associated
with manganoan calcite, as well as embedded in natrolite.  Identification followed the same
scheme as above.
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Annite Lamprophyre
Pyrite is a rare mineral in the annite lamprophyre, in which it occurs as anhedral, blebby
crystals to 10 μm in diameter.  Identification followed the same scheme as above.
Sphalerite
ZnS
Nepheline Melasyenite
Sphalerite has been tentatively identified in the nepheline melasyenite as a rare mineral.
It occurs as an anhedral bleb, approximately 10 μm in diameter, associated with magnetite.
Identification was primarily on the basis of EDS analysis.
Type 1 Nepheline Leucosyenite
Sphalerite has been tentatively identified as a rare mineral in the Type 1 nepheline
leucosyenite.  It occurs as a subhedral, modified tetrahedral crystal 5 μm in diameter.  The shape
of the crystal appears to be a combination of {001} and {111}, although it is impossible to
determine the dominant form, owing to the small size of the specimen.  The sphalerite is in direct
association with arsenopyrite, and it occurs at the interface between a crystal of manganoan
pectolite and one of an unidentified Na-Zr silicate.  Identification was on the basis of EDS
analysis and morphology.
Type 2 Nepheline Leucosyenite
Sphalerite occurs in the Type 2 nepheline leucosyenite as a trace mineral.  It is found as
resinous brown, subhedral to euhedral crystals to 2.5 mm in maximum dimension.  These
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crystals are associated with albite, sodalite pseudomorphs after nepheline, and natrolite.
Identification was on the basis of EDS analysis.  Differentiation from wurtzite [ZnS] is not
possible with high confidence, but this occurrence is thought to be more consistent with known
occurrences of sphalerite rather than wurtzite.  Furthermore, individuals exhibiting better
development of habit appear more consistent with sphalerite than with wurtzite (Alexander U.
Falster, pers. comm.).
Type 3 Nepheline Leucosyenite
Sphalerite is a rare mineral in the Type 3 nepheline leucosyenite.  It occurs as subhedral
to euhedral crystals to 75 μm in maximum dimension that appear amber in thin section.  The
forms {001} and {111} are combined in various proportions in different crystals.  Sphalerite is
associated with microcline and sodalite pseudomorphs after nepheline.  Identification was on the
basis of EDS analysis, morphology, and optical properties (isotropic).
Eudialyte Syenite
Sphalerite has been tentatively identified in the eudialyte syenite, in which it occurs as a
trace mineral.  It is found as anhedral to subhedral grains to 30 μm, embedded in natrolite.
Identification was made on the basis of EDS analysis, with supporting evidence as above.
Annite Lamprophyre
Sphalerite has been tentatively identified as a trace mineral in the annite lamprophyre.  It
occurs as subhedral crystals to 60 μm, associated with annite and galena.  It is also found as a
skeletal, subhedral individual to 0.6 mm maximum dimension, associated with aegirine and
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annite.  In thin-section, the sphalerite has an amber-brown color.  Identification was made on the
basis of EDS analysis, with supporting evidence as above.
East Hill Suite Sulfides
Overview
Sulfide minerals vary in abundance in the East Hill suite, appearing late in the nepheline
melasyenite, increasing in the nepheline leucosyenite, and peaking in the eudialyte syenite,
followed by a more sudden decline into the feldspar-aegirine dikes and the annite lamprophyre.
Unfortunately, most sulfide specimens are too small to determine reliable compositions via
electron microprobe analysis.  Consequently, the lack of such analyses precludes the use of the
arsenopyrite geothermometer (Sharp et al. 1985) or the sphalerite geothermobarometer (Scott &
Barnes 1971). Nevertheless, the application of known phase relations to observed sulfide
assemblages allowed the development of plausible ranges of temperature and oxygen and sulfur
fugacities.
An important factor in the study of sulfur-bearing melts is the partitioning of sulfur
between sulfide, S2–, and sulfate, S6+.  This speaks to oxygen fugacity and helps at least to define
boundary conditions, if not precise measures.  The shift in the wavelength of the SKα peak, as
measured in the electron microprobe, may be used to estimate sulfur speciation and, by
extension, oxygen fugacity. (Carroll & Rutherford 1988; Jugo et al. 2005) The proportion of S6+
with respect to total sulfur is related to oxygen fugacity by the following relationship:
  )(1 0.86S QFM)2.23-(2.89eq.6   eX
in which X(S6+)eq. is the mole fraction equivalents of sulfur as sulfate and ΔQFM is oxygen
fugacity, expressed as the number of log units from the QFM buffer. (Jugo et al. 2005)
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As is evident from its equation, this function has a complex exponential form (Figure
112).  It exhibits a steep slope and inflection point near ΔQFM = +1, and calculated values of
X(S6+)eq. change rapidly with ΔQFM on either side of this inflection point.  At ΔQFM = +1,
X(S6+)eq. = 0.293, but by ΔQFM = +2, X(S6+)eq. has already increased to 0.712.  Similarly, at
ΔQFM = 0, X(S6+)eq. = 0.045, and at ΔQFM = –1, X(S6+)eq. has diminished to 0.005.  Outside of
this range, approximately –1 ≤ ΔQFM ≤ +2, changes in oxygen fugacity have little effect on the
speciation of sulfur.  Above ΔQFM = +2, sulfur is dominantly present as sulfate, and below
ΔQFM = 0, sulfur is dominantly present as sulfide (Figure 113).
Sulfate minerals are only present in any quantity as rare barite in the Type 3 nepheline
leucosyenite.  Interpolation suggests that the oxygen fugacity must have been at or slightly below
the QFM buffer, to allow sulfide dominance through much of the crystallization history of the
East Hill suite; although it climbed above QFM late, allowing barite to stabilize.
FIGURE 112 – Measured wavelength peak shift for SKα versus experimental oxygen fugacity in ΔQFM log units.
(Carroll & Rutherford 1988)
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FIGURE 113 – A) Corresponding X(S6+)eq. values for the curve from FIGURE 112; data from CARROLL&RUTHERFORD (1988).  B) Experimental results from NAGASHIMA&KATSURA (1973) (dotted line) and
KATSURA&NAGASHIMA (1974) (dashed line).  Both at 1 atm and 1250°C. (Carroll & Rutherford
1988)
Nepheline Melasyenite
The nepheline melasyenite contains the assemblage galena-pyrite-sphalerite, with pyrite
dominating the sulfide mineralogy, as well as magnetite and clinopyroxene. Magnetite and
pyrite are both found as inclusions in clinopyroxene and amphibole, but only magnetite is found
as inclusions in alkali feldspar and sodalite pseudomorphs after nepheline.  Petrography indicates
that alkali feldspar and nepheline crystallized before the ferromagnesian phases.  Therefore, the
presence of magnetite, exclusive of pyrite, as inclusions in the aluminosilicates indicates that
magnetite crystallization commenced prior to that of pyrite.  Furthermore, in some specimens,
pyrite and magnetite coexist in apparent equilibrium.
Above approximately 750°C, the pyrite stability field in 2Sf – 2Of space is excluded by
that of pyrrhotite (Figure 114).  As the system cools below 750°C, the pyrite field expands down
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FIGURE 114 – Isothermal sulfur fugacity versus oxygen fugacity spaces showing phase relations in the Fe-O2-S2-SiO2 system. (Whitney 1984)
2Sf , at the expense of pyrrhotite, and the magnetite field shifts to lower 2Of . (Whitney 1984)
Evidence from amphibole chemistry indicates decreasing
2Of during the crystallization of the
nepheline melasyenite, and pyrrhotite is essentially absent from the major syenites in the East
Hill suite. (Horváth & Gault 1990) A shift in 2Sf – 2Of space from the magnetite to the pyrite
stability field was accomplished either by passing directly into the pyrite field or by traversing
the pyrrhotite field. Since the pyrite field expands with cooling, it is not immediately clear
whether sulfur fugacity increased, decreased, or stayed constant during the transition.
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Even though pyrrhotite is absent from the major lithologies in the East Hill suite, it is still
conceivable that the melt passed through the pyrrhotite field in 2Sf – 2Of space.  Pyrrhotite is
metastable (Sweeney & Kaplan 1973), and the higher sulfur activity in the pyrite field would
have driven the conversion of pyrrhotite into pyrite. Furthermore, it may be that the East Hill
suite magma necessarily passed through the pyrrhotite field, due to possible mismatch between
the thermal stability of primary pyrite and the liquidus temperature of the melt. (Kullerud &
Yoder 1959)  Further study, including more precise characterization of the sulfur fugacity at
emplacement, is necessary to fully address this issue.
Below about 800°C, magnetite may coexist with pyrite in the pyrite stability field.
(Oyarzun et al. 2001) Therefore, the position of the melt in 2Sf – 2Of space (Figure 114) need
not have hugged the pyrite-magnetite boundary and must have fully entered the pyrite field in
order to conform to the estimated oxygen fugacities for magnetite, which are far lower than those
traced by the pyrite-magnetite boundary.
Hedenbergite has a composition-dependent stability relationship with pyrite in 2Sf – T
space. (Burt 1972) At 2 kbar, pyroxene of composition hd100 may only coexist with pyrite below
approximately 300°C and 2Sf < 10-10 bar, but hd85jo15 is stable with pyrite below about 500°C
and 2Sf < 10-4 bar.  Above these 2Sf – T ranges, hedenbergite undergoes the sulfidation reaction
(Barton et al. 1982):
hd + S2 →  and + py + qz
The nepheline melasyenite is andradite- and quartz-absent; therefore the sulfidation reaction did
not take place, and the pyrite that is present is primary and in equilibrium with the pyroxene.
Since the susceptible element in hedenbergite is ferrous iron, presumably it should not make a
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substantial difference to the 2Sf – T stability boundaries whether hedenbergite is substituted by
johannsenite, diopside, aegirine, or any other Fe2+-absent molecule. Clinopyroxene in the
nepheline melasyenite contains up to 50 mol% hedenbergite. For an estimated pyrite
crystallization temperature of 500°C from magnetite-ilmenite geothermometry and petrographic
relationships, the 2Sf ceilings for hd100 and hd85jo15, are 10-5.6 bar and 10-4.1 bar, respectively.
Evidence suggests that the stability relationship between hedenbergite composition and sulfur
fugacity is linear (Barton et al. 1982), so extrapolating to hd50 returns a maximum 2Sf of 10-0.6
bar, consistent with the estimated 2Sf range from pyrite-magnetite stability relations.
Galena is present as an inclusion in aegirine-augite.  Because the exact temperature of
crystallization of the galena is not known, the galena-anglesite buffer cannot be used to give a
precise oxygen fugacity.  Even though the galena is included by aegirine-augite, its colloform
habit suggests that it may be a low-temperature precipitate or colloidal deposit from late-stage
fluids rather than a primary magmatic phase. (Koroleva et al. 1970; Chen 1978)  This
proposition is reasonable considering the proximity of the inclusion to fractures in the
clinopyroxene.  If the galena were primary magmatic, an estimate of the oxygen fugacity during
its formation, based on a temperature estimate of 700°C for the aegirine-augite, would be less
than 10-14 bar, consistent with the oxygen fugacity indicated by magnetite.  If the galena is, in
fact, a late-stage precipitate, in the 100-250°C range, this points to an approximate oxygen
fugacity range of 10-48 to 10-32 bar. (Kajiwara 1971; Kajiwara & Date 1971; Sato 1977; Simon et
al. 1997)
Sphalerite is certainly indicative of sulfide-dominant oxygen fugacity, that is, near the
QFM buffer. (Jugo et al. 2005)  Sphalerite is present in the nepheline melasyenite as an inclusion
in magnetite, and is probably equilibrated to the same oxygen fugacity as the magnetite itself.
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Indeed, projection of a presumed crystallization temperature of the magnetite, 500°C, onto the
sphalerite-ZnSO4 buffer (Figure 115) yields 2Of ≈ 10-22, which is in excellent agreement with the
estimated crystallization
2Of of the magnetite itself.
FIGURE 115 – Oxygen fugacity versus temperature for Zn, Pb, and Ba sulfide-sulfate pairs.  Curve (a) represents
coprecipitation of barite and galena; curve (b) of barite and sphalerite. (Kajiwara 1973)
Sulfur fugacity estimates using sphalerite require not only reliable temperature and
compositional data, in terms of Fe content, but also adherence to specific buffer assemblages.
(Barton & Toulmin 1966; Czamanske 1974) Sphalerite seems to be particularly sensitive to
control of the boundary conditions; in using the sphalerite geobarometer, a 0.5 mole percent error
in compositional analysis results in a pressure error of 0.5 kbar. (Scott 1976)  None of this
supporting evidence was available for sphalerite in the nepheline melasyenite.
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Type 1 Nepheline Leucosyenite
A comparison of amphibole, alkali feldspar, and nepheline geothermometry indicates that
the nepheline leucosyenites began to crystallize during the intermediate stages of crystallization
of the nepheline melasyenite, around 750-800°C.  Since amphibole and annite geochemistry
indicate generally decreasing
2Of , the oxygen fugacity during the crystallization of the Type 1
nepheline leucosyenite should be equal to or less than approximately 10-22 to 10-24 bar, the
2Of
range indicated by magnetite-ilmenite geochemistry from the nepheline melasyenite.
The Type 1 nepheline leucosyenite contains the assemblage alabandite-arsenopyrite-
pyrite-sphalerite; pyrite is the most abundant of these.  Hauerite is stable at higher sulfur
fugacity, but at lower 2Sf , alabandite becomes the dominant phase. If 2COf rises high enough
relative to 2Sf , then alabandite destabilizes in favor of rhodochrosite (Olivo & Gibbs 2003).  The
more evolved rocks in the East Hill Suite contain rhodochrosite; therefore, 2COf and 2Sf in the
East Hill Suite are probably, by and large, close to the alabandite-rhodochrosite reaction line.
Furthermore, alabandite and rhodochrosite are both stable in assemblages that include
arsenopyrite, pyrite, and sphalerite (Olivo & Gibbs 2003).
The Oka carbonatite complex exhibits the assemblage calcite-dolomite-periclase-apatite-
forsterite-magnesioferrite-pyrrhotite-alabandite, which buffers oxygen and sulfur fugacity near
the QFM buffer.  In particular, 2Sf is held near the QFM-pyrrhotite boundary, corresponding to a
sulfur fugacity of approximately 10-6 bar at the estimated eutectic conditions, similar to p-T
conditions in the East Hill suite, 640°C at 1 kbar. (Treiman & Essene 1984)
The presence of pyrite, rather than pyrrhotite, in the Type 1 nepheline leucosyenite shows
that the sulfur fugacity was higher than in the Oka complex.  Nepheline and alkali feldspar
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geothermometry suggest crystallization temperatures extending below 500°C for the nepheline
leucosyenite.  The minimum sulfur fugacity to stabilize pyrite varies with temperature, from 100
bar at 700°C, decreasing by about 2 log units for every 100°C drop in temperature, down to
approximately 10-6 bar at 400°C.  Recall that 400°C is not an unrealistic solidus temperature for
an agpaitic magma. (Sood 1981)
Phase relations of arsenopyrite are only weakly dependent on pressure (Kretschmar &
Scott 1976), so the most important parameters are composition, 2Sf , and temperature.  The
arsenopyrite specimen was too small for a useful electron microprobe analysis, but an initial
estimated range of 2Sf and temperature can be taken from phase relations in the Fe-As-S system.
Even though the arsenopyrite was in direct contact with sphalerite, pyrite is another important
accessory phase in the Type 1 nepheline leucosyenite.  The assemblage arsenopyrite-pyrite
suggests arsenopyrite crystallization temperatures less than about 500°C and 2Sf less than about
10-5 (Figure 116).  Unfortunately, the lack of compositional data on the arsenopyrite precludes a
strong, direct refinement of the temperature and, subsequently, the sulfur fugacity, but the
association with low-Fe sphalerite points to relatively high sulfur fugacity, perhaps near the
upper stability limit.
Sphalerite coexisting with pyrrhotite, at low 2Sf is Fe-rich, whereas that coexisting with
pyrite, at higher 2Sf is Fe-poor. (Hannington & Scott 1989)  EDS and electron microprobe
analyses point to minimal Fe content in sphalerite in the nepheline leucosyenite.  This is
consistent with the high sulfur fugacity associated with primary pyrite.
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FIGURE 116 – Phase relations in
2Sa –T space for the system Fe-As-S.  The hashed region represents the stability
field of arsenopyrite. (Kretschmar & Scott 1976)
Types 2 & 3 Nepheline Leucosyenite
In addition to galena, pyrite, and sphalerite, molybdenite appears in the Type 2 nepheline
leucosyenite; only molybdenite and sphalerite are present in the Type 3 nepheline leucosyenite.
The crystallization temperatures of the Types 2 and 3 nepheline leucosyenite are almost certainly
comparable to that of the Type 1 nepheline leucosyenite, with maximum temperatures certainly
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below 700°C and minimum temperatures likely below 500°C before complete crystallization.
Also, the estimated oxygen fugacity range for these lithologies should be similar to that of the
Type 1 nepheline leucosyenite, equal to or less than approximately 10-22 to 10-24 bar.
The assemblage galena-pyrite-sphalerite, crystallizing in a similar temperature interval to the
Type 1 nepheline leucosyenite, points to a comparable range of sulfur fugacity, 100 to 10-6 bar.
Although the absence of arsenopyrite in the Type 2 and 3 nepheline leucosyenites prevents
narrowing this range to 10-5 to 10-6 bar, as in the Type 1 leucosyenite, it is unlikely that the sulfur
fugacity drifted substantially from this latter range.
The introduction of molybdenite (Figure 117), however, allows for a partial refinement of
2Sf .  The oxygen fugacity of the East Hill suite magma, through the latter part of the nepheline
melasyenite and through all of the nepheline leucosyenites, was, at emplacement temperatures,
below the QFM but always above the MW buffer.  At the temperature represented in
FIGURE 117, 577°C, this is an
2Of range of about 10-21 to 10-25 bar, which fits with earlier
estimates of
2Of .  However, stabilizing pyrite at this temperature requires an 2Sf higher than
about 10-3 bar, which is inconsistent with sulfur fugacity parameters dictated by arsenopyrite
crystallization.  Moreover, a temperature below approximately 500°C is also required by
arsenopyrite in a pyrite-bearing assemblage.  Such a temperature would be consistent with the
solubility behavior of molybdenite in alkaline magmas.  At 1 kbar, molybdenite achieves its
maximum solubility in vapor-saturated alkaline melts at approximately 650°C, decreasing
quickly with temperature until it becomes insoluble below about 375°C. (Isuk & Carman 1981)
Consequently, cooling below 500°C would promote rapid molybdenite crystallization.
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FIGURE 117 – Phase relations in
2Of – 2Sf space for Mo-W sulfide–calcium-oxyanion pairs.  The shaded region
represents the joint stability field of scheelite and molybdenite. (Barkov et al. 2000)
Recasting the phase boundaries in FIGURE 117 to about 475°C shifts the QFM buffer to
an
2Of of 10-26 bar, the MW buffer to an 2Of of 10-29 bar (Eugster & Wones 1962), and the
pyrrhotite-pyrite boundary to an 2Sf of about 10-5 to 10-6 bar (Whitney 1984).  There is no
evidence of a large drop in magmatic oxygen fugacity that would keep
2Of below the QFM
buffer with cooling; in fact, the evidence suggests the opposite.  So, as the leucosyenite magma
approached its solidus, it probably reëmerged above the QFM buffer.  The recast sulfur fugacity
is appropriate to the predicted sulfur fugacity of the leucosyenites.
The position of the molybdenite stability field at this lower temperature is not well-
established. (Hsu 1976 & 1977)  It is a safe assumption, based on the behavior of other species,
that a decrease in temperature would be accompanied by a molybdenite stability field boundary
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shift to lower
2Of and 2Sf ; the question, then, is, what is the magnitude of the shift?
Molybdenite is stable to relatively high temperatures, up to approximately 1350°C. (Morimoto &
Kullerud 1962) Therefore, Tf dd
2S must be relatively small, lest the presence of molybdenite
in a high-T environment demand absurdly high sulfur fugacities; the same argument may be
presented for oxygen fugacity. A shift down
2Of and 2Sf , on the order of 1 or 2 log units,
would keep the MoS2–CaMoO4 boundary at about the same position in 2Of – 2Sf space, which
would correspond to the earlier oxygen fugacity range of 10-21 to 10-25 bar and a minimum sulfur
fugacity of approximately 10-10 bar.
Eudialyte Syenite
The eudialyte syenite exhibits the assemblage acanthite-chalcopyrite-covellite-galena-
pyrite-sphalerite. Phase relations in the Cu-Fe-Pb-Zn-S system suggest that chalcopyrite
crystallization temperatures were no higher than about 500°C.  Between 400-500°C, in the Cu-
Fe-Zn-S system, there are two stable sulfide assemblages that are mineralogically possible in the
East Hill suite:  chalcopyrite + iss (intermediate solid solution) + pyrite + sphalerite and iss +
pyrite + pyrrhotite + sphalerite. (Kojima & Sugaki 1985)  Other stable assemblages include
either bornite or nukundamite, (Cu,Fe)4S4, neither of which is found in the East Hill suite.
(Horváth & Gault 1990) At these temperatures, acanthite requires an approximate sulfur
fugacity of at least 10-9 bar (Hsu 1977), which has already shown to be the case for the evolving
East Hill suite magma. Along these same lines, covellite stabilizes at temperatures below 500°C.
(Yund & Kullerud 1966)  The galena-pyrite-sphalerite assemblage further indicates that oxygen
and sulfur fugacity conditions did not change substantially from the leucosyenites into the
eudialyte syenite.
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Feldspar-Aegirine Dikes & Annite Lamprophyre
By the end of crystallization in the East Hill suite, sulfide mineralization had declined in
abundance and variety.  The feldspar-aegirine dikes only contain rare galena, and the annite
lamprophyre has the assemblage galena-pyrite-sphalerite, with sphalerite dominant.  As in the
eudialyte syenite, the persistence of the galena-pyrite-sphalerite assemblage reflects stabilized
oxygen and sulfur fugacities, in contrast to the rather rapid evolution of these parameters early in
the crystallization of the East Hill suite.
TITANOSILICATES
Kupletskite
(K,Na)3(Mn,Fe2+)7(Ti,Nb)2Si8O24(O,OH)7
Type 1 Nepheline Leucosyenite
Kupletskite is a rare mineral in the Type 1 nepheline leucosyenite.  It occurs as a dark
amber twin of two euhedral, bladed crystals 5 μm wide by 15 μm long.  The two crystals are
twinned along their length, on a indeterminate pinacoidal face that is oblique to the elongation,
yielding a symmetrical twin somewhat in the form of a butterfly, akin to the appearance of a
Japan-law twin in quartz.  The kupletskite occurs in an albitized patch of microcline.
Identification was on the basis of EDS analysis, morphology, and color.
Type 3 Nepheline Leucosyenite
Kupletskite is a rare mineral in the Type 3 nepheline leucosyenite.  It occurs as amber,
euhedral, equant, bladed crystals to 90 μm in length.  It is associated with aegirine-augite and
molybdenite.
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Eudialyte Syenite
Kupletskite is a trace mineral in the eudialyte syenite.  It is present as subhedral books of
dark amber to dark brown platy crystals.  Entire books measure up to 7 mm in length and 4 mm
in thickness.  The edges of these books are earthy and granular, whereas the faces have a vitreous
luster; individual plates are transparent.  Fundamental identification of samples as members of
the astrophyllite group was on the basis of XRD analysis.  Differentiation from other
astrophyllite group minerals was on the basis of EDS analysis.
East Hill Suite Kupletskite
The astrophyllite group is represented, to date, by three members in the East Hill suite:
astrophyllite, kupletskite, and niobokupletskite (Mandarino & Anderson 1989; Piilonen et al.
2000); however, only kupletskite was found in the major lithologies. Astrophyllite group
minerals are strong indicators of minimum oxygen fugacity due to their buffer reaction
relationship with aenigmatite, 206252 OTiSiFeNa  :
3 aen + TiO2 + 7 H2O ↔ 2 ast + FeO + 2 SiO2 + O2
Aenigmatite is only stable below the QFM buffer (Marsh 1975); therefore, its absence in the East
Hill suite indicates that by the time alkali titanosilicates had stabilized, oxygen fugacity was
above the QFM buffer.
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Titanite
CaTiOSiO4
Nepheline melasyenite
Titanite is found as a minor mineral in the nepheline melasyenite.  It occurs as resinous
yellow to amber, euhedral tabular crystals to 3 mm in maximum dimension.  Most titanite
crystals in this syenite, however, measure 50-100 μm in maximum dimension.  Titanite crystals
exhibit a diamond shaped cross-section in thin-section.  Titanite is typically closely associated
with aegirine-augite and magnetite, which all together are associated with alkali feldspar and
nepheline.  It may also be found in association with calcic amphibole.  Identification was on the
basis of color and morphology, EDS analysis, and optical properties (biaxial positive, high
positive relief, δ  0.150).
Representative analyses of titanite are listed in TABLE 43. Significant trace elements in
titanite from the nepheline melasyenite include Zr, up to 2.41 wt.% ZrO2, Al, up to 5.45 wt.%
Al2O3, and Ce, up to 2.44 wt.% Ce2O3. Other notable substituent elements are Fe, up to 2.55
wt.% FeO, Zn, up to 9.18 wt.% ZnO, and Na, up to 1.31 wt.% Na2O. Zirconium is a natural
substitution in titanite for Ti (Prowatke & Klemme 2005), as is Ce (Tiepolo et al. 2002), but
aluminum substitution is particularly important because it reflects the influence of aluminous
melts on trace element partition coefficients in titanite. (Prowatke & Klemme 2005)  Aluminum
may substitute for up to half the Ti on an apfu basis (Oberti et al. 1991), and high-Al melts
promote the incorporation of REE and HFSE via the coupled substitutions, Ca2+ + Ti4+ ↔ REE3+
+ Al3+ and, possibly, 2 Ti4+ ↔ (Nb,Ta)5+ + Al3+. (Horng & Hess 2000; Tiepolo et al. 2002;
Prowatke & Klemme 2005)  Sodium may play a similar role, though subdued in the nepheline
melasyenite, through the substitution, 2 Ca2+ ↔ Na+ + REE3+. (Tiepolo et al. 2002) As would
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TABLE 43 – Representative electron microprobe analyses of titanite – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 6b 11l 12j Target: 6b 11l 12j
SiO2 (wt.%) 29.79 31.09 31.15 Cations
TiO2 34.86 40.42 40.36 Si 1.024 0.974 1.016ZrO2 1.49 0.14 0.05 Ti 0.901 0.952 0.990Al2O3 1.51 3.38 1.32 Zr 0.025 0.002 0.001Sc2O3 na na na Al 0.061 0.125 0.051REE2O3 0.00 1.87 0.42 Sc na na naLa2O3 na na na REE 0.000 0.021 0.005Ce2O3 0.00 1.87 0.42 Fe2+ 0.073 0.028 0.035FeOtot 2.55 1.08 1.27 Mn2+ 0.001 0.004 0.003MnO 0.03 0.13 0.12 Mg 0.000 0.003 0.001
MgO 0.00 0.07 0.03 Zn 0.000 0.014 0.022
ZnO 0.00 0.60 0.93 Ca 0.931 0.839 0.830
CaO 25.26 24.99 23.76 Ba na na na
BaO na na na Na 0.004 0.006 0.010
Na2O 0.06 0.10 0.16 K 0.000 0.001 0.001K2O 0.00 0.02 0.02
Normalized to 5 oxygen apfu
SUM 95.54 103.88 99.57 na = not analyzed
be expected, the borderline peraluminous bulk chemistry of the nepheline melasyenite resulted in
both elevated Al and REE content in titanite. Although Nb and Ta were not analyzed, titanite
certainly played a role in increasing the Nb/Ta ratio in later fractionates, due to the higher
partition coefficient of Ta into titanite than that of Nb. (Prowatke & Klemme 2005)
Titanite also lends some insight into the oxidation conditions at the moment of
emplacement of the East Hill suite.  Titanite was an early-crystallizing phase in the nepheline
melasyenite, and the presence of titanite indicates that oxygen fugacity was above the QFM
buffer (Carmichael & Nicholls 1967).  Therefore, the oxygen fugacity in the nepheline
melasyenite, and by extension, in the early East Hill suite magma, fell from above the QFM
buffer.
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ZIRCONOSILICATES
Calciohilairite
CaZrSi3O9 · 3 H2O
Nepheline Melasyenite
Calciohilairite was tentatively identified as a rare mineral in the nepheline melasyenite.
Two specimens were found:  a euhedral, prismatic crystal, 25 μm wide by 75 μm long, included
by potassium feldspar, and a euhedral, prismatic crystal, 50 μm wide by 100 μm long, included
by nepheline. The latter individual itself includes titanite and is associated with annite,
fluorapatite, aegirine-augite, and possible thorianite.  Calciohilairite is a more direct
identification compared to a sodium zirconosilicate, in that the Ca-Zr association is less common
at Mont Saint-Hilaire.  Identification was based on an EDS analysis, supported by examination in
the petrographic microscope (uniaxial, δ = 0.007).
Catapleiite
Na2ZrSi3O9 · 2 H2O
Eudialyte Syenite
Catapleiite occurs as a trace mineral in the eudialyte syenite as a secondary mineral after
eudialyte group minerals.  It is present as subhedral platy crystals to 0.1 mm in intimate contact
with a eudialyte group mineral and in association with manganoan pectolite. As with the other
alkali zirconosilicates at Mont Saint-Hilaire, only a very preliminary identification can be made
with an EDS spectrum.  Final identification was on the basis of examination in the petrographic
microscope (hexagonal habit, biaxial).
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Eudialyte Group
Eudialyte, 2327325323615 OH)(Cl,O)HOH,)(O,OSi(SiZrFeCaNa 
Ferrokentbrooksite, 2327325323615 OH)F,(Cl,O)HOH,)(O,ONb(SiZrFeCaNa 
Eudialyte Syenite
Members of the eudialyte group occur singly and in solid-solution with one another, as
minor and trace minerals in the eudialyte syenite; allies of eudialyte sensu stricto are more
abundant than those of kentbrooksite or other compositions. The eudialyte group minerals are
found as yellowish to reddish brown, anhedral to subhedral grains from 0.5 to 5 mm in diameter
(Figure 118).  They may also occur in vugs as euhedral crystals of the same general description.
Some such crystals display striations on some faces; this is probably an exhibition of growth
hillocks, rather than an expression of a structural feature in the sense of kink-banding in
orthopyroxene.  Eudialyte group minerals have a splendent vitreous luster, though this may be
diminished somewhat by rare alteration.  Catapleiite appears to be the dominant alteration
product of eudialyte group minerals.  Identification was based initially on physical properties,
supported by EDS and EMP analyses and examination in the petrographic microscope
(pseudouniaxial, δ ≈ 0.012).
The crystal chemistry of the eudialyte group in the East Hill suite was studied by TICE
(2009).  The several species of the eudialyte group are not systematically distinguishable from
one another based solely on visual observation, so differentiation ultimately relied on electron
microprobe analyses. The eudialyte group is ripe with opportunity for chemical substitution, and
this was reflected in these previous findings.  Out of 51 total analyses, only 13 represented IMA-
approved species, and these recalculated to a mere two of the seven such species known to occur
in the East Hill suite. (Mandarino & Anderson 1989; Johnsen et al. 1999a; Johnsen et al. 1999b;
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FIGURE 118 – Euhedral eudialyte group mineral in miarole, associated with microcline, sodalite ps. nepheline (grey),
and aegirine (black) – Eudialyte Syenite (10x)
Johnsen et al. 2003a; Johnsen et al. 2003b; Grice & Gault 2006; Tice 2009)  The remaining 38
analyses represented 13 previously undescribed compositions.  Eudialyte group speciation
primarily turns on the site-occupancy ofM(2), which holds  Fe and Mn, and of M(3), which
holds Si and HFSE.  In addition to eudialyte sensu stricto, which is [M(2)]Fe- and [M(3)]Si-
dominant, and ferrokentbrooksite, which is [M(2)]Fe- and [M(3)]Nb-dominant, these remaining
analyses included [M(2)]Mn-dominant compositions, as well as those dominant in Hf, W, and Zr in
M(3).  In addition, in terms of anion content, these undescribed compositions comprised Cl-, F-,
OH-, and S-dominant chemistries, as well. (Tice 2009)
Representative analyses of eudialyte group minerals are listed in TABLES 44 through 46.
Substitutions are numerous and remarkable in variety and magnitude.  Among tetra-, penta-, and
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TABLE 44 – Representative electron microprobe analyses of eudialyte group minerals – Eudialyte Syenite (Tice
2009)
Target: 6-5 16-4 17-5 16-3 21-5 10-2
SiO2 (wt.%) 45.66 44.20 39.11 45.14 47.92 45.09
TiO2 0.07 0.12 0.15 0.09 0.05 0.10
ZrO2 11.97 13.67 10.85 10.73 15.54 13.80
HfO2 0.33 0.00 0.00 4.47 0.00 0.00
Nb2O5 0.96 1.87 0.73 0.64 0.90 0.82
Ta2O5 0.09 1.95 1.06 0.00 0.43 0.00
MoO3 0.00 0.00 0.00 0.00 0.07 0.00
WO3 0.23 0.00 3.58 0.71 0.00 0.00
Al2O3 0.22 0.08 0.00 0.00 0.09 0.13
Sc2O3 0.00 0.00 0.00 0.08 0.00 0.06
REE2O3 6.17 4.64 6.67 2.40 3.32 4.95
La2O3 1.71 0.93 1.55 0.96 0.79 1.06
Ce2O3 3.96 2.17 3.56 0.70 1.46 2.48
Pr2O3 0.00 0.00 0.00 0.00 0.00 0.00
Nd2O3 0.00 1.19 1.01 0.45 0.76 0.71
Sm2O3 0.00 0.00 0.00 0.00 0.00 0.00
Gd2O3 0.49 0.35 0.55 0.29 0.32 0.70
Dy2O3 0.00 0.00 0.00 0.00 0.00 0.00
Er2O3 0.00 0.00 0.00 0.00 0.00 0.00
Yb2O3 0.00 0.00 0.00 0.00 0.00 0.00
Y2O3 0.94 0.00 3.19 0.69 0.00 1.32
FeO 4.78 5.17 5.15 5.26 4.38 4.45
MnO 6.51 4.48 7.45 4.85 6.79 7.19
ZnO 0.00 0.00 0.00 0.00 0.04 0.00
CaO 7.25 8.56 4.99 8.91 8.67 6.62
SrO na na na na na na
BaO 0.00 0.00 0.49 0.00 0.03 0.51
MgO 0.02 0.00 0.02 0.02 0.04 0.00
Na2O 13.35 12.60 14.33 12.96 11.38 14.50
K2O 0.51 0.42 0.38 0.48 0.49 0.47
Cl 0.93 0.70 0.87 0.87 1.01 0.33
F 0.01 0.74 0.00 0.00 0.00 0.24
SO3 0.03 0.17 0.03 0.56 0.00 1.94
H2O* 0.15 0.45 0.15 0.13 0.16 0.11
OCl -0.21 -0.16 -0.20 -0.20 -0.23 -0.07
OF -0.01 -0.31 0.00 0.00 0.00 -0.10
TOTAL 99.94 99.34 98.99 98.78 101.08 102.46
Species: eudialyte ferro-kentbrooksite
“Cl-Mn-
[M(3)]W-dom.” “
[M(3)]Hf-dom.” “[M(3)]Zr-dom.” “S-[M(3)]Zr-dom.”
Recalculated after TICE (2009)
Normalized to 29 cations ( Si + Al + Zr + Ti + Hf + Nb + W + Ta) apfu
na = not analyzed
*H2O calculated based on charge-balance, assuming presence as OH
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TABLE 45 – Site-occupancies of eudialyte group minerals from TABLE 44, I – Eudialyte Syenite
6-5 16-4 17-5 6-5 16-4 17-5
N() Z
Na 8.090 7.779 9.687 W 0.000 0.000 0.000
 0.910 1.221 0.000 Nb 0.000 0.000 0.000
Ta 0.000 0.000 0.000
N(4) Zr 3.000 3.000 3.000
REE 1.242 0.929 0.791 Hf 0.000 0.000 0.000
Ca 0.000 0.000 0.000 Ti 0.000 0.000 0.000
Sr na na na  0.000 0.000 0.000
Ba 0.000 0.000 0.121
K 0.356 0.299 0.308 M(3)
Na 4.353 4.503 4.780 W 0.033 0.000 0.584
 0.049 0.269 0.000 Nb 0.241 0.467 0.208
Ta 0.013 0.293 0.181
M(1) Zr 0.228 0.188 0.000
REE 0.000 0.000 0.730 Hf 0.052 0.000 0.000
Y 0.276 0.000 1.070 Ti 0.031 0.052 0.027
Fe2+ 0.000 0.000 0.000 Si 0.401 0.000 0.000
Mn2+ 1.430 0.929 0.832  0.001 0.000 0.000
Ca 4.294 5.071 3.368
 0.000 0.000 0.000 M(4) + Si
Si 24.854 24.453 24.624
M(2) Al 0.146 0.049 0.000
Zr 0.000 0.499 0.330  0.000 0.498 0.376
Hf 0.000 0.000 0.000
Ti 0.000 0.000 0.045 X
Fe2+ 2.210 2.392 2.710 Cl 0.871 0.659 0.928
Mn2+ 1.619 1.169 3.140 F 0.021 1.298 0.000
Mg 0.014 0.000 0.015 S 0.012 0.070 0.012
 0.000 0.000 0.000 OH 0.536 0.000 0.621
 0.560 0.000 0.439
Recalculated after TICE (2009)
Normalized to 29 cations ( Si + Al + Zr + Ti + Hf + Nb + W + Ta) apfu
na = not analyzed
*H2O calculated based on charge-balance, assuming presence as OH
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TABLE 46 – Site-occupancies of eudialyte group mineral from TABLE 44, II – Eudialyte Syenite
16-3 21-5 10-2 16-3 21-5 10-2
N() Z
Na 8.107 6.583 8.849 W 0.000 0.000 0.000
 0.893 2.417 0.151 Nb 0.000 0.000 0.000
Ta 0.000 0.000 0.000
N(4) Zr 3.000 3.000 3.000
REE 0.481 0.619 0.670 Hf 0.000 0.000 0.000
Ca 0.000 0.000 0.000 Ti 0.000 0.000 0.000
Sr na na na  0.000 0.000 0.000
Ba 0.000 0.006 0.111
K 0.338 0.322 0.330 M(3)
Na 4.837 3.863 4.889 W 0.584 0.000 0.000
 0.344 1.190 0.000 Nb 0.208 0.210 0.205
Ta 0.181 0.060 0.000
M(1) Zr 0.000 0.713 0.724
REE 0.000 0.000 0.318 Hf 0.000 0.000 0.000
Y 0.204 0.000 0.390 Ti 0.027 0.017 0.040
Fe2+ 0.000 0.000 0.000 Si 0.000 0.000 0.030
Mn2+ 0.489 1.206 1.369  0.000 0.000 0.001
Ca 5.307 4.794 3.923
 0.000 0.000 0.000 M(4) + Si
Si 24.624 24.743 24.917
M(2) Al 0.000 0.057 0.083
Zr 0.000 0.200 0.000  0.376 0.200 0.000
Hf 0.000 0.000 0.000
Ti 0.000 0.000 0.000 X
Fe2+ 2.444 1.891 2.059 Cl 0.928 0.880 0.311
Mn2+ 1.791 1.764 2.003 F 0.000 0.000 0.420
Mg 0.019 0.031 0.000 S 0.012 0.000 0.806
 0.000 0.000 0.000 OH 0.621 0.558 0.401
 0.439 0.561 0.062
Recalculated after TICE (2009)
Normalized to 29 cations ( Si + Al + Zr + Ti + Hf + Nb + W + Ta) apfu
na = not analyzed
*H2O calculated based on charge-balance, assuming presence as OH
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hexavalent elements, titanium is present up to 0.47 wt.% TiO2, Hf, up to 4.47 wt.% HfO2, Nb, up
to 3.13 wt.% Nb2O5, Ta, up to 1.95 wt.% Ta2O5, Mo, up to 0.46 wt.% MoO3, and W, up to 3.58
wt.% WO3.  Al substitutes up to 0.35 wt.% Al2O3, and Sc, up to 0.18 wt.% Sc2O3. (Tice 2009)
The REE collectively presented up to a content of 7.50 wt.% REE2O3; notable individual
enrichments include up to 2.27 wt.% La2O3, 4.50 wt.% Ce2O3, 1.19 wt.% Nd2O3, and 1.90 wt.%
Gd2O3.  Eudialyte group minerals from the East Hill suite exhibit a negative Nd anomaly in their
chondrite-normalized REE abundances, regardless of other chemical affinities in the
composition.  Yttrium exhibits similarly large enrichments to the REE, with up to 5.68 wt.%
Y2O3. (Tice 2009)
A minimal amount of Mg and Zn is taken up by eudialyte group minerals, only up to 0.12
wt.% MgO and 0.08 wt.% ZnO.  Barium, however, is variably abundant, up to 1.81 wt.% BaO.
Potassium substitutes for Na up to 0.57 wt.% K2O. (Tice 2009)
Chlorine is typically more prevalent than fluorine, although fluorine has a higher
maximum of 1.38 wt.% F against 1.31 wt.% Cl.  Sulfur has a highly variable abundance, up to
1.94 wt.% SO3.  Water and hydroxyl were not distinguished in the previous study, but the
eudialyte group minerals assimilated up to 0.74 wt.% H2O, calculated by difference and all
expressed as the oxide. (Tice 2009)
Speciation-related compositional variation is shown in FIGURES 119 to 122. The first
decision gate for eudialyte group speciation is the occupancy of M(3).  Analyses were plotted in
ternary space (Figure 119) based on the dominant cation in M(3) between Si, the sum of all
pentavalent cations, Nb + Ta, and the sum of the remaining tetravalent cations, Zr + Hf + Ti.
Although it is not illustrated due to its rarity in the sample set, W-dominance, accompanied by Sr
substitution, puts the sample in the khomyakovite series. (Johnsen et al. 2003a) [M(3)]Si-dominant
320
Nb+Ta0 10 20 30 40 50 60 70 80 90 100
Si
0
10
20
30
40
50
60
70
80
90
100
Zr+Hf+Ti
0
10
20
30
40
50
60
70
80
90
100
FIGURE 119 – Site-occupancy ofM(3) in eudialyte group minerals – Eudialyte Syenite (Tice 2009)
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analyses were most abundant, followed by [M(3)](Zr + Hf + Ti) and [M(3)](Nb + Ta).  Compositions
define a rough trend sweeping out of the Si field into the tetravalent field.  Scatter and a lack of
analyses prevent the definition of any trend into the pentavalent field; a number of analyses in
the Si field show essentially no tetravalent substitution and trend towards the pentavalent field,
although they only show substitution of (Nb + Ta) up to 20 mol%. (Tice 2009)
Si-dominance places the sample in the eudialyte series and Nb in the kentbrooksite series;
Ta-dominant compositions are undescribed from any source and are undefined in speciation.
(Johnsen et al. 2003a)  Compositions from FIGURE 119 were recast into Si-Nb-Ta space (Figure
120) to illustrate relative populations.  Eudialyte series analyses outnumbered kentbrooksite
series compositions by about 6-to-1.  Although all kentbrooksite series analyses were Nb-
dominant, some showed relatively high Ta substitution, coming within about 3 mol% of Ta
dominance.  Projection of the eudialyte and kentbrooksite series analyses onto a XMn – XNb plane
(Figure 121) shows the prevalence of [M(2)]Mn-dominant compositions, although most analyses
are clustered in the range 0.4 ≤ XMn ≤ 0.65. (Tice 2009) Even though two analyses plotted into
the kentbrooksite field on this diagram, they may not be identified as kentbrooksite sensu stricto,
due to Cl-dominance in the anionic site.
There are, as yet, no IMA-approved Zr-, Hf-, and Ti-dominant eudialyte group minerals
(Johnsen et al. 2003a), although compositions fitting the first two descriptions were observed
(Figure 122). Zr-dominant compositions outnumbered Hf-dominant by 4-to-1.  Both sets
showed only limited relative substitution by Ti. (Tice 2009)
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FIGURE 120 – Relative site-occupancy ofM(3) by Si, Nb, and Ta in eudialyte group minerals with Si, Nb, or Ta
dominant – Eudialyte Syenite (Tice 2009)
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FIGURE 121 – Site-occupancy ofM(2) versus M(3) and resulting speciation in eudialyte group minerals from the
eudialyte and kentbrooksite series – Eudialyte Syenite (Tice 2009)
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FIGURE 122 – Relative site-occupancy ofM(3) by Zr, Ti, and Hf in eudialyte group minerals with Zr, Ti, or Hf
dominant – Eudialyte Syenite (Tice 2009)
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Gaidonnayite
Na2ZrSi3O9 · 2 H2O
Eudialyte Syenite
Gaidonnayite occurs as a rare mineral in the eudialyte syenite, where it is seen as
subhedral prismatic crystals to 30 μm in length.  It is found associated with a eudialyte group
mineral, fluorite, and manganoan pectolite.  Gaidonnayite is one of several sodium
zirconosilicates that occur at Mont Saint-Hilaire.  Therefore, identification was founded, but not
based, on an initial EDS spectrum to determine the general chemistry.  Final identification was
made in the petrographic microscope (biaxial negative, δ = 0.026).
Annite Lamprophyre
Gaidonnayite is present as a trace mineral in the annite lamprophyre, although it is very
abundant locally.  It occurs as subhedral to euhedral prismatic crystals to 5 mm in length, these
crystals being arranged in sprays of subparallel individuals.  Euhedral octahedra of pyrochlore
are embedded in several individuals of gaidonnayite.  Gaidonnayite is one of several sodium
zirconosilicates that occur at Mont Saint-Hilaire.  Therefore, identification was founded, but not
based, on an initial EDS spectrum to determine the general chemistry.  Final identification was
made in the petrographic microscope (biaxial negative, δ = 0.026, striations visible along
prisms).  Representative analyses of gaidonnayite are listed in TABLE 47. The gaidonnayite
compositions are sodium-deficient, owing to beam-sensitivity, and are overall rather free of trace
elements, but they exhibit remarkable and consistent enrichment in Zn, up to 6.30 wt.% ZnO.
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TABLE 47 – Representative electron microprobe analyses of gaidonnayite – Annite Lamprophyre
Lithology: Annite Lamprophyre
Sample: MSH-B-6
Target: 7b 7c 8d Target: 7b 7c 8d
SiO2 (wt.%) 51.56 54.03 50.37 Cations
TiO2 0.08 0.07 0.01 Si 3.120 3.190 3.121ZrO2 35.30 36.14 33.31 Ti 0.004 0.003 0.000Al2O3 0.08 0.06 1.25 Zr 1.041 1.040 1.006Sc2O3 na na na Al 0.006 0.004 0.091REE2O3 0.00 0.04 0.06 Sc na na naLa2O3 0.00 0.04 0.06 REE 0.000 0.001 0.001Ce2O3 0.00 0.00 0.00 Fe2+ 0.005 0.006 0.014FeOtot 0.10 0.11 0.27 Mn2+ 0.001 0.004 0.006MnO 0.03 0.07 0.12 Mg 0.000 0.002 0.001
MgO 0.00 0.02 0.01 Zn 0.282 0.272 0.223
ZnO 6.30 6.25 4.88 Ca 0.020 0.016 0.045
CaO 0.30 0.25 0.68 Ba na na na
BaO na na na Na 0.705 0.450 0.630
Na2O 6.01 3.93 5.25 K 0.002 0.000 0.001K2O 0.02 0.00 0.02
SUM 99.80 100.98 96.21 Normalized to 9 oxygen apfu
na = not analyzed
Hilairite
Na2ZrSi3O9 · 3 H2O
Annite Lamprophyre
Hilairite has been tentatively identified as a trace mineral in the annite lamprophyre, as
subhedral, prismatic crystals to 0.75 mm in length, associated with natrolite, aegirine,
calcioancylite-(Ce), and annite. Like other sodium zirconosilicates in this study, identification
was founded, but not based, on an initial EDS spectrum.  Final identification was based on
examination in the petrographic microscope (uniaxial, δ = 0.010). A representative analysis of
hilairite is listed in TABLE 48. Hilairite was sodium-deficient, owing to beam-sensitivity, but the
analyses show an enrichment in Zn, similar to that in gaidonnayite, up to 5.75 wt.% ZnO.
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TABLE 48 – Representative electron microprobe analysis of hilairite – Annite Lamprophyre
Lithology: Annite Lamprophyre
Sample: MSH-B-6
Target: 12h Target: 12h
SiO2 (wt.%) 51.07 Cations
TiO2 0.05 Si 3.059ZrO2 36.71 Ti 0.002Al2O3 0.08 Zr 1.072Sc2O3 na Al 0.006REE2O3 0.02 Sc naLa2O3 0.02 REE 0.001Ce2O3 0.00 Fe2+ 0.007FeOtot 0.13 Mn2+ 0.004MnO 0.07 Mg 0.006
MgO 0.07 Zn 0.254
ZnO 5.75 Ca 0.004
CaO 0.06 Ba na
BaO na Na 0.897
Na2O 7.73 K 0.001K2O 0.01
SUM 101.76 Normalized to 9 oxygen apfu
na = not analyzed
Låvenite
NaCa2ZrSi2O8F
Nepheline Melasyenite
Låvenite has been tentatively identified as a rare mineral in the nepheline melasyenite.  It
was found as a euhedral, prismatic crystal, 25 μm wide by 75 μm long, included by orthoclase.
It was also found as a subhedral, prismatic crystal, 50 μm wide by 100 μm long, included by
nepheline.  This second crystal itself encloses a minuscule specimen of titanite and is associated
with annite, apatite, aegirine-augite, and a crystal tentatively identified as thorianite.
Identification was on the basis on EDS analysis, optical properties (δ = 0.007), and electron
microprobe analysis.  A representative analysis of låvenite is listed in TABLE 49.  Låvenite was
slightly sodium-deficient, owing to beam-sensitivity.
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TABLE 49 – Representative electron microprobe analysis of låvenite – Nepheline Melasyenite
Lithology: NephelineMelasyenite
Sample: MSH-B-8
Target: 4h Target: 4h
SiO2 (wt.%) 31.46 Cations
TiO2 1.13 Si 1.898ZrO2 25.33 Ti 0.051Al2O3 0.12 Zr 0.745Sc2O3 na Al 0.008REE2O3 0.00 Sc naLa2O3 na REE 0.000Ce2O3 0.00 Fe2+ 0.053FeOtot 1.05 Mn2+ 0.090MnO 1.76 Mg 0.002
MgO 0.02 Zn 0.000
ZnO 0.00 Ca 2.089
CaO 32.32 Ba na
BaO na Na 0.729
Na2O 6.23 K 0.005K2O 0.06
SUM 99.47 Normalized to 8 oxygen apfu
na = not analyzed
Petarasite
Na5Zr2Si6O18(Cl,OH) · 2 H2O
Annite Lamprophyre
Petarasite is a trace mineral in the annite lamprophyre, in which petarasite individuals are
found in quantity in a characteristic association with apatite.  The petarasite is present as
subhedral prismatic to anhedral crystals to 0.5 mm in length.  Petarasite was identified primarily
by its EDS signature, which shows Na, Zr, and Si with Cl, but without Ca, Fe, or Mn, thus
differentiating the analysis from the eudialyte group.  Examination in the petrographic
microscope supports the EDS identification (biaxial, δ  0.035).  Representative analyses of
petarasite are listed in TABLE 50.  The petarasite compositions are seriously sodium-deficient,
owing to beam-sensitivity, and exhibit substantial enrichment in Zn, up to 6.88 wt.% ZnO.
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TABLE 50 – Representative electron microprobe analyses of petarasite – Annite Lamprophyre
Lithology: Annite Lamprophyre
Sample: MSH-B-6
Target: 4c 4d 4ma Target: 4c 4d 4ma
SiO2 (wt.%) 52.38 53.77 50.77 Cations
TiO2 0.02 0.03 0.03 Si 6.263 6.415 6.146ZrO2 39.11 38.27 38.06 Ti 0.001 0.003 0.003Al2O3 0.01 0.01 0.01 Zr 2.280 2.226 2.247Sc2O3 na na na Al 0.002 0.002 0.001REE2O3 0.05 0.06 0.07 Sc na na naLa2O3 0.05 0.06 0.07 REE 0.002 0.003 0.003Ce2O3 0.00 0.00 0.00 Fe2+ 0.033 0.030 0.036FeOtot 0.34 0.31 0.36 Mn2+ 0.035 0.032 0.032MnO 0.35 0.32 0.31 Mg 0.002 0.006 0.006
MgO 0.01 0.03 0.03 Zn 0.485 0.397 0.553
ZnO 5.50 4.50 6.18 Ca 0.021 0.021 0.021
CaO 0.16 0.16 0.16 Ba na na na
BaO na na na Na 0.566 0.408 1.074
Na2O 2.44 1.76 4.58 K 0.024 0.017 0.023K2O 0.16 0.11 0.15
SUM 100.64 99.36 100.73 Normalized to 18 oxygen apfu
na = not analyzed
Zircon
ZrSiO4
Type 2 Nepheline Leucosyenite
Zircon occurs as a trace mineral in the Type 2 nepheline leucosyenite, in which it is
present as clusters and individuals of euhedral to subhedral dipyramidal crystals, individually to
300 μm diameter.  These crystals are found in association with sodalite pseudomorphs after
nepheline, natrolite, and microcline.  Identification was made on the basis of EDS analysis,
supported by examination in the petrographic microscope (uniaxial positive, δ ≈ 0.030).
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Feldspar-Aegirine Dikes
Zircon occurs as a rare mineral in the feldspar-aegirine dikes.  It is found as a skeletal,
euhedral prismatic crystal 1.5 mm wide by 2.5 mm long.  Forms present are the tetragonal prism
{010} and the tetragonal dipyramid {011}.  Zircon from the feldspar-aegirine dikes is intergrown
with microcline and associated with aegirine and pyrochlore.  Identification was made on the
basis of EDS analysis, supported by examination in the petrographic microscope (uniaxial
positive, δ = 0.035).
East Hill Suite Zirconosilicates
Paragenesis
The East Hill suite presents a complex picture of zirconosilicate paragenesis (Table 51).
As crystallization proceeded, zirconosilicate stability oscillated back and forth between alkaline
or alkali zirconosilicates and zircon.  The evanescent appearance of calcium zirconosilicates in
the nepheline melasyenite was followed by zircon in the nepheline leucosyenite, alkali (Na and
TABLE 51 – Paragenesis of zirconosilicates – East Hill suite
X-Zr-silicate
X = ? Mineral(s)
Nepheline
Melasyenite
Nepheline
Leucosyenites
Eudialyte
Syenite
Feld.-Aeg.
Dikes
Annite
Lamprophyre
none zircon
Ca
calciohilairite
låvenite
Na/Ca eudialytegroup
Na
catapleiite
gaidonnayite
hilairite
petarasite
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Na/Ca) zirconosilicates in the eudialyte syenite, zircon in the feldspar-aegirine dikes, and finally,
sodium zirconosilicates in the annite lamprophyre. This sequence overall reflects the alkaline
chemical evolution of the East Hill suite, with Ca-rich minerals followed by those increasing in
Na content; however, the interspersed zircon indicates that other factors played a part.
The nepheline melasyenite contains only a minimal quantity of calcium zirconosilicates,
but their presence indicates that zirconosilicates saturated in the East Hill suite magma early in
the crystallization sequence.  High temperature magmas that crystallize an alkaline
zirconosilicate (Figure 123, path B1), rather than zircon, must contain relatively low
concentrations of zirconium. (Marr et al. 1998)
FIGURE 123 – Schematic cooling paths in [ZrO2]–T space for three peralkaline magmas.  Magma A crystallizeszircon; magmas B1 and B2 crystallize elpidite, Na2ZrSi6O15 · 3 H2O.  Cooling paths assume equal Zrsolubility. (Marr et al. 1998)
Field evidence indicates that the nepheline leucosyenites began crystallizing before the
nepheline melasyenite had completely solidified, suggesting similarly high emplacement
temperatures.  Therefore, the subsequent crystallization of zircon in the nepheline leucosyenite
could be explained simply by an increase in the Zr content of the melt (Figure 123, path A).
Nepheline geothermometry and sulfide assemblages indicate that the eudialyte syenite
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crystallized at lower temperatures than the nepheline mela- and leucosyenites.  As an increase in
zirconium concentration in the melt shifted the cooling path for the nepheline leucosyenite
magma, this decrease in temperature could explain the return to alkali zirconosilicate
crystallization in the eudialyte syenite (Figure 123, path B2).
A complication comes with the reappearance of zircon in the feldspar-aegirine dikes.  By
this point in the emplacement of the East Hill suite, magma temperatures would seem to be too
low to stabilize zircon at the high zirconium concentration that existed during feldspar-aegirine
dike crystallization.  Another complication is that zircon is merely present as a rare mineral,
whereas the feldspar-aegirine dikes have the highest whole-rock Zr content in the East Hill suite.
This latter point is easily accounted for, as feldspar-aegirine dike clinopyroxene is the most Zr-
rich in the East Hill suite; however, this compounds the question of why zircon saturated again
with why aegirine outcompeted zircon for zirconium.
One facet of the solution to these questions is likely the influence of oxygen fugacity.
Decreasing oxygen fugacity promotes zirconosilicate crystallization and, in particular, inhibits
the crystallization of alkali zirconosilicates.  Low
2Of favors 8-coördinated Zr in the melt, which
translates into lower zircon solubility. (Farges et al. 1994)  As the oxygen fugacity in the East
Hill suite fell during crystallization, the zircon saturation surface shifted to lower temperatures
and concentrations of Zr, facilitating the crystallization of late-stage zircon. In contrast, Zr is
6-coördinated in clinopyroxene; therefore, low oxygen fugacity should inhibit Zr uptake by
clinopyroxene, but both low
2Of and high-Zr aegirine are the case in the feldspar-aegirine dikes;
so another factor must be at work.
The most likely influence is that of alkalis.  Increasing alkalis in a peralkaline melt also
increases Zr solubility. (Watson 1979; Watson & Harrison 1983)  Furthermore, most Zr in such
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melts is 6-coördinated (Farges 1989; Farges et al. 1991), which is advantageous to the
crystallization of high-Zr clinopyroxene. Similarly, increasing alkalis increases the proportion in
the melt of non-bridging oxygens, to which viZr preferentially bonds. (Linthout 1984; Farges et
al. 1991 & 1994) At the extreme of this effect, due to their exceptionally high alkali content,
agpaitic melts may exclude zircon, altogether. (Lazutkina et al. 1980)  Obviously, the feldspar-
aegirine dikes are not zircon-free, implying that the effects of low oxygen fugacity on Zr
coördination were not entirely offset by those of elevated alkalis.
The final consideration in this paragenesis is the third appearance of alkali
zirconosilicates in the East Hill suite, in the annite lamprophyre. Total alkalis, oxygen fugacity,
and zirconium concentration are all very similar between the feldspar-aegirine dikes and the
annite lamprophyre, so yet another factor must have influenced zirconosilicate crystallization,
saturating the melt in alkali zirconosilicates rather than zircon. In the East Hill suite, whole-rock
silica content was relatively high in the nepheline melasyenite and fell to a local minimum in the
Type 2 nepheline leucosyenite; it increased to roughly the same level as in the nepheline
melasyenite through the eudialyte syenite and the feldspar-aegirine dikes; and then it fell
precipitously in the annite lamprophyre. Silica activity plays a role in situating the saturation
surfaces of zirconosilicates by influencing the solubility of zirconium.  In low-silica peralkaline
melts, such as those in the East Hill suite, increasing silica increases the solubility of Zr by
favoring the formation of alkali-zirconosilicate complexes over the crystallization of stable alkali
zirconosilicate phases, such as wadeite (Marr et al. 1998):
K2Zr[3 Si2O5]melt ↔  K2Zr[3 SiO3]crystal + 3 [SiO2]melt
Obviously, an increase in silica activity drives the reaction to the left, promoting the retention of
Zr in the melt.
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The high silica in the nepheline melasyenite would have helped retain Zr in the melt,
accounting for its minimal zirconosilicate mineralization.  Similarly, the decline in silica into the
Type 2 nepheline leucosyenite and the annite lamprophyre could help explain the appearance of
zircon and sodium zirconosilicates, respectively, by contributing to the saturation of the melt in
Zr. This same effect is likely the reason for abundant alkali zirconosilicates in the annite
lamprophyre.  The high alkalis promoted an abundance of viZr in the melt and countered the
promotion of viiiZr by low oxygen fugacity; also, whole-rock Zr content is the second highest in
the East Hill suite, yet still three times higher than that in the eudialyte syenite, thus elevating the
saturation of the melt in zirconosilicates.  On top of these factors, the drastically reduced silica
content in the annite lamprophyre would have driven the crystallization of alkali zirconosilicates.
One factor that has not been addressed yet is the influence of halogens on zirconium in
the East Hill suite melt.  Unlike its effect in granitic melts, fluorine tends to reduce Zr solubility
in peralkaline melts due to competitive complexing of F by alkalis that reduces the availability of
F to Al and Zr. (Mysen & Virgo 1985; Kohn et al. 1991; Schaller et al. 1992; Keppler 1993;
Linnen 1998; Marr et al. 1998; Linnen & Keppler 2002) Chlorine is the dominant halogen in the
East Hill suite, and its behavior is not nearly as well-understood as that of fluorine.  Similar to
fluorine, however, chlorine is empirically known to reduce the solubility of Zr in peralkaline
melts. (Marr et al. 1998)
The whole-rock chlorine content in the East Hill suite is highest, by 1 to 2 orders of
magnitude, in the nepheline leucosyenites.  This is, however, largely due to the incorporation of
Cl by nepheline altering to sodalite, which was a subsolidus reaction.  Looking at it another way,
Cl was not necessarily more abundant in the leucosyenites during crystallization. On the
contrary, what is more likely, is that Cl was tied up in melt complexes and magmatic fluids and
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became more abundant in the melt as crystallization of the entire suite progressed.  The early
syenitic lithologies contain a relatively small proportion of primary Cl-bearing phases, which
would have concentrated Cl in the residual melt.  This means that the syenoid melts that
crystallized the eudialyte syenite, the feldspar-aegirine dikes, and the annite lamprophyre would
have been enriched in Cl, decreasing the solubility of zirconium, and promoting the
crystallization of abundant zirconosilicates.
Zinc in Annite Lamprophyre Zirconosilicates
Gaidonnayite, hilairite, and petarasite from this lithology exhibit consistently high Zn
contents, at least 5 wt.% and up to nearly 7 wt.% ZnO. PIILONEN ET AL. (2000) found that
similarly high Zn content is found in some niobokupletskite from pegmatites in the East Hill
suite, although the enrichment is systematically variable.  In East Hill suite niobokupletskite, Zn
content correlates negatively with zinc mineralization, namely wurtzite, as opposed to sphalerite,
and genthelvite, Zn4Be3(SiO4)3S. Zinc-free niobokupletskite occurs with wurtzite and
genthelvite, whereas niobokupletskite from wurtzite- and genthelvite-free assemblages contains
up to 4.31 wt.% ZnO. They concluded that the sulfur fugacity was not only too low ( 2Sf < 10-10
bar) to stabilize sphalerite but also that sulfur fugacity was even lower in some portions of the
pegmatites, precluding the crystallization of a sulfur-bearing Zn phase and sending Zn into
niobokupletskite. High-Zn zirconosilicates in the annite lamprophyre, however, are associated
with sulfide minerals, including sphalerite.  The sulfur fugacity in the annite lamprophyre was
clearly sufficiently high to stabilize sphalerite.  This suggests either that there was sufficient Zn
to go into both a sulfide phase and the zirconosilicates or that zirconosilicates do not compete for
Zn in the same manner as niobokupletskite.
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OTHER SILICATES
Almandine
1232
2
3 OSiAlFe 
Type 2 Nepheline Leucosyenite
Almandine is found as a trace mineral in the Type 2 nepheline leucosyenite.  It has been
found in two occurrences.  The first is a subhedral equant crystal measuring approximately 1 mm
in diameter.  It is dark blood red in color.  The second is a group of discrete anhedral masses,
each measuring between 20-50 μm in maximum dimension.  Both forms are found in association
with sodalite pseudomorphs after nepheline, albite, and aegirine-augite.  The latter are found in
intimate contact with the aegirine-augite.  Identification was on the basis of physical properties
(color and form), EDS analysis, and optical properties (isotropic). Electron microprobe analyses
yielded low totals (approximately 87 %), probably due to beam-scatter from fracturing.  The
analyses do, however, indicate limited solid-solution with spessartine, with up to 1.49 wt.%
MnO.
Annite
2103
2
3 (OH)OAlSiKFe 
Nepheline Melasyenite
Annite is a minor mineral in the nepheline melasyenite, in which it occurs as dark brown
to black, subhedral (sometimes craggy) books to 1 mm in diameter.  In hand specimen, these
books present a bronzy, submetallic luster on their basal cleavage surfaces.  In thin section, the
annite exhibits little to no zonation, though it is pleochroic, following the scheme: X = straw
yellow to amber; Y = pale mint green, olive green, dark forest green; Z = olive green.  In the
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nepheline melasyenite, annite is associated with aegirine-augite, augite, hastingsite, magnetite,
taramite, and titanite.  In particularly, in association with aegirine-augite, fluorapatite,
hastingsite, magnetite, pyrite, and titanite, annite occurs in mafic stringers.  Furthermore, annite
may poikilitically enclose clinopyroxene and vice versa.
Representative analyses of annite are listed in TABLE 52.  Annite from the nepheline
melasyenite is magnesian, with some compositions plotting near the phlogopite boundary (Figure
127).  These compositions follow a trend line of increasing Fe/Mg and Fe3+/Al, heading towards
the boundary with tetra-ferri-annite.  The ferric to ferrous iron ratio was estimated from wet-
chemical analysis of annite from the annite lamprophyre, as insufficient material could be
gathered from the nepheline melasyenite.  It is possible, even probable, that the annite from the
nepheline melasyenite is less enriched in ferric iron than that from the annite lamprophyre.  This
would not affect speciation, though, and should merely be kept in mind.  Annite compositions
are aluminous, containing an average of 11.90 wt.% Al2O3 and up to 12.99 wt.% Al2O3.  Annite
has high concentrations of cerium, up to 1.02 wt.% Ce2O3, and titanium, up to 3.11 wt.% TiO2.
Other important trace elements include manganese, up to 1.59 wt.% MnO, zinc, up to 1.06 wt.%
ZnO, and zirconium, up to 1.03 wt.% ZrO2.
Feldspar-Aegirine Dikes
Annite is found as a trace mineral in the feldspar-aegirine dikes.  It occurs as subhedral
crystals to 300 μm in diameter and 250 μm in thickness.  They are pleochroic, following the
scheme: X = red orange, Z = nearly opaque, dark red brown.  No crystals were oriented
appropriately to measure the color associated with Y.  Annite is associated with albite,
microcline, natrolite, and hematite.  Identification was on the basis of EDS and EMP analyses,
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TABLE 52 – Representative electron microprobe analyses of annite – Nepheline Melasyenite
Lithology: Nepheline Melasyenite
Sample: MSH-B-8
Target: 15b 19f 21d Target: 15b 19f 21d
SiO2 (wt.%) 36.43 35.35 36.08 T-site Si3
TiO2 2.97 2.91 3.11 Si 2.717 2.703 2.685ZrO2 0.00 0.01 0.00 ivAl 0.283 0.297 0.315P2O5 na na naAl2O3 11.37 11.41 11.77 T-site AlSc2O3 na na na ivAl 0.716 0.730 0.717REE2O3 0.54 0.57 0.74 Fe3+ 0.242 0.237 0.238
La2O3 na na na ivTi 0.042 0.033 0.044Ce2O3 0.54 0.57 0.74FeOtot 29.38 28.09 29.01 M-siteMnO 1.48 1.53 1.51 viAl 0.000 0.000 0.000
ZnO 0.73 0.62 0.43 viTi 0.124 0.135 0.129
CaO 0.00 0.29 0.05 viZr 0.000 0.000 0.000
BaO na na na Fe3+ 0.000 0.000 0.000
MgO 6.83 6.96 7.09 Fe2+ 1.591 1.559 1.567
Na2O 0.48 0.38 0.59 Mg 0.759 0.793 0.786K2O 8.75 8.21 8.72 Mn2+ 0.093 0.099 0.095Cl 0.51 0.38 0.41 Zn 0.040 0.035 0.023
F 0.72 0.72 0.60 vi 0.393 0.379 0.399
OCl -0.12 -0.09 -0.09
OF -0.30 -0.30 -0.25 I-site
SUM 99.76 97.02 99.75 Ba na na na
Ca 0.000 0.024 0.004
Na 0.070 0.056 0.085
Normalized to 22 cations K 0.832 0.800 0.828
na = not analyzed
OH site-occupancy calculated by difference A-site
Fe3+ estimated by wet-chemical analysis Cl 0.064 0.049 0.052
F 0.170 0.175 0.142
OH 1.766 1.777 1.806
supported under the petrographic microscope (habit, pleochroism, and twinkling extinction).
Representative analyses of annite are listed in TABLE 53.  Annite from the feldspar-
aegirine dikes is near end-member annite, as it contains virtually no magnesium (Figure 127).
There is no real trend in the analyses towards another end-member, except perhaps a slight shift
towards tetra-ferri-annite.  The ferric to ferrous iron ratio was determined from wet-chemical
analysis of annite from the annite lamprophyre, as insufficient material could be gathered from
the feldspar-
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TABLE 53 – Representative electron microprobe analyses of annite – Feldspar-Aegirine Dikes
Lithology: Feldspar-Aegirine Dikes
Sample: MSH-B-3
Target: 17a1 17a2 18a Target: 17a1 17a2 18a
SiO2 (wt.%) 33.03 33.57 32.64 T-site Si3
TiO2 0.80 2.01 0.21 Si 2.706 2.663 2.685ZrO2 0.00 1.51 0.00 ivAl 0.294 0.337 0.315P2O5 0.06 0.03 0.06Al2O3 9.06 9.47 9.85 T-site AlSc2O3 0.00 0.00 0.00 ivAl 0.581 0.549 0.640REE2O3 0.00 0.00 0.00 Fe3+ 0.326 0.304 0.269
La2O3 na na na ivTi 0.049 0.120 0.013Ce2O3 0.00 0.00 0.00FeOtot 36.04 34.67 29.60 M-siteMnO 5.52 5.56 12.23 viAl 0.000 0.000 0.000
ZnO 0.00 0.00 0.00 viTi 0.000 0.000 0.000
CaO 0.04 0.05 0.15 viZr 0.000 0.058 0.000
BaO 0.12 0.10 0.05 Fe3+ 0.000 0.000 0.000
MgO 0.43 0.38 0.27 Fe2+ 2.144 1.997 1.767
Na2O 0.00 0.11 0.00 Mg 0.052 0.044 0.033K2O 10.44 10.85 10.41 Mn2+ 0.383 0.374 0.852Cl 0.00 0.00 0.00 Zn 0.000 0.000 0.000
F 0.00 0.00 0.00 vi 0.421 0.526 0.348
OCl 0.00 0.00 0.00
OF 0.00 0.00 0.00 I-site
SUM 95.53 98.29 95.47 Ba 0.004 0.003 0.002
Ca 0.003 0.004 0.013
Na 0.000 0.016 0.000
Normalized to 22 cations K 1.091 1.098 1.092
na = not analyzed
OH site-occupancy calculated by difference A-site
Fe3+ estimated by wet-chemical analysis Cl 0.000 0.000 0.000
F 0.000 0.000 0.000
OH 2.000 2.000 2.000
aegirine dikes.  Based on the comparable iron crystal chemistry of other ferrous/ferric minerals
(e.g. clinopyroxene), however, this ratio is likely a good proxy for that of the feldspar-aegirine
dikes.  It is silica-deficient, but it is not aluminous, owing to a high iron content (up to 36.04
wt.% FeO).  Annite from the feldspar-aegirine dikes contains prodigious amounts of manganese,
averaging 7.77 wt.% and containing up to 12.23 wt.% MnO. This results in the formula,
0.030.85
2
1.771.09 MgMn(FeK  0.35) 0.0130.270.64 TiFe(Al  0.08)(Si2.68Al0.32)(OH,F)2
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This composition contains a large montdorite component.  Montdorite is not an end-
member mica group species, but is an intermediate, currently valid, species between annite-
phlogopite and a hypothetical Mn-dominant end-member. (Rieder et al. 1998)  Montdorite itself
has the ideal formula,
0.5
2
0.51.5 MgMnKFe 2 0.5Si4O10F2
Titanium and zirconium are also present in significant quantities, up to 2.01 wt.% TiO2
and 1.51 wt.% ZrO2, respectively.
Annite Lamprophyre
Annite is the most common mineral in the annite lamprophyre, constituting about 65% of
the modality.  It occurs as euhedral, equant to short prismatic books to 4 mm diameter and 6 mm
length.  In hand specimen, most crystals are so dark as to appear black, though some are
perceived as having a very dark brown or brownish-green color.  In thin section, the crystals of
annite are seen to be strikingly zoned and strongly pleochroic, as is consistent with lamprophyric
annite.  The pleochroism follows the scheme: X = amber, orange, red-orange; Y = pale mint
green, light forest green, yellow-green, tan; Z = amber, greenish-amber, amber green, medium
forest green, dark forest green.  It is not readily possible to associate particular Y colors with X or
Z colors, but X and Z colors appear in common pairs (X & Z):  amber & amber,
amber & greenish-amber, orange & amber green, red-orange & medium forest green.  Thus, X
and Z colors match one another in terms of their intensity.
Representative analyses of annite are listed in TABLES 54 & 55.  The analyses are of six
zones from a single crystal of annite.  Annite from the annite lamprophyre is solidly annitic in
chemistry, with compositions plotting nearly in the center of the annite field (Figure 127).  There
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TABLE 54 – Representative electron microprobe analyses of annite – Annite Lamprophyre
Lithology: Annite Lamprophyre
Sample: MSH-B-6
Target: 3(1) 3(2) 3(3) 3(4) 3(5) 3(6)
SiO2 (wt.%) 36.01 34.58 35.12 36.20 36.37 34.67
TiO2 2.34 0.87 0.86 0.95 2.56 0.85
ZrO2 0.04 0.00 0.04 0.00 0.09 0.15
P2O5 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 9.41 9.13 9.08 9.42 9.43 8.68
Sc2O3 na na na na na na
REE2O3 0.00 0.00 0.01 0.18 0.12 0.12
La2O3 0.00 0.00 0.01 0.18 0.12 0.12
Ce2O3 0.00 0.00 0.00 0.00 0.00 0.00
FeOtot 29.15 29.62 32.40 32.50 26.57 32.97
MnO 3.44 4.54 3.21 4.04 4.35 5.31
ZnO 1.23 0.68 1.04 0.81 0.53 0.61
CaO 0.00 0.00 0.01 0.00 0.00 0.00
BaO na na na na na na
MgO 5.91 4.94 5.32 5.40 6.20 3.89
Na2O 0.24 0.34 0.20 0.30 0.30 0.29
K2O 10.40 9.21 10.49 10.75 9.88 10.42
Cl 0.00 0.00 0.00 0.00 0.00 0.00
F 0.65 0.70 0.83 0.82 0.95 0.81
OCl 0.00 0.00 0.00 0.00 0.00 0.00
OF -0.27 -0.30 -0.35 -0.35 -0.40 -0.34
SUM 98.53 94.30 98.25 101.03 96.96 98.43
Normalized to 22 cations
na = not analyzed
OH site-occupancy calculated by difference
Fe3+ estimated by wet-chemical analysis
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TABLE 55 – Site-occupancies of annite from TABLE 54 – Annite Lamprophyre
Lithology: Annite Lamprophyre
Sample: MSH-B-6
Target: 3(1) 3(2) 3(3) 3(4) 3(5) 3(6)
T-site Si3
Si 2.745 2.781 2.730 2.734 2.791 2.726
ivAl 0.255 0.219 0.270 0.266 0.209 0.274
T-site Al
ivAl 0.589 0.646 0.562 0.573 0.644 0.531
Fe3+ 0.245 0.263 0.278 0.271 0.225 0.286
ivTi 0.134 0.053 0.050 0.054 0.130 0.050
M-site
viAl 0.000 0.000 0.000 0.000 0.000 0.000
viTi 0.000 0.000 0.000 0.000 0.017 0.000
viZr 0.001 0.000 0.001 0.000 0.004 0.006
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000
Fe2+ 1.613 1.729 1.828 1.782 1.481 1.882
Mg 0.671 0.592 0.616 0.608 0.710 0.456
Mn2+ 0.222 0.309 0.211 0.259 0.283 0.353
Zn 0.069 0.041 0.060 0.045 0.030 0.036
vi 0.423 0.329 0.283 0.306 0.476 0.267
I-site
Ba na na na na na na
Ca 0.000 0.000 0.001 0.000 0.000 0.000
Na 0.036 0.052 0.031 0.043 0.045 0.045
K 1.011 0.945 1.040 1.036 0.967 1.045
A-site
Cl 0.000 0.000 0.000 0.000 0.000 0.000
F 0.156 0.179 0.203 0.197 0.230 0.201
OH 1.844 1.821 1.797 1.803 1.770 1.799
Normalized to 22 cations
na = not analyzed
OH site-occupancy calculated by difference
Fe3+ estimated by wet-chemical analysis
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is only a slight trend towards tetra-ferri-annite, as Fe/Mg increases faster than Fe3+/Al; the
ferrous/ferric ratio was determined colorimetrically using the metavanadate technique of WILSON
(1960).  It is silica-deficient, but not aluminous, owing to a high content of magnesium and iron
(up to 7.27 wt.% MgO and 34.41 wt.% FeO, respectively).  Manganese contents are significant,
averaging 4.10 wt.% and up to 6.15 wt.% MnO.  Titanium content is high, up to 2.56 wt.% TiO2.
Other important trace elements are zinc, up to 1.32 wt.% ZnO, and zirconium, up to 0.99 wt.%
ZrO2.
Ternary plots of common chromophoric elements (Fe3+, Mn2+, and Ti4+) against
pleochroic colors for the three indicatrices (Figures 124 to 126) reveals no relationship between
the relative content of these elements and color zonation in annite.  Since ferric iron content of
the annite was determined as an average of several whole crystals, the Fe3+/Fe2+ ratio is fixed for
all analyses, hence for all zones in a given crystal.  It is possible that Fe3+ actually varies from
zone to zone, and exchanges such as Fe3+ ↔Al or Fe2+ + Ti4+ ↔ Fe3+ + Ti3+ may be responsible
for changes in color and pleochroism between zones in a given crystal.
East Hill Suite Annite
Similarly to the amphibole group (Pe-Piper 1988; Mitchell 1990), there exists a positive
correlation between Mg content in micas and magmatic oxygen fugacity. (Wones & Eugster
1965)  Mica in the East Hill suite rests entirely within the annite field (Figure 127).  Most
compositions have a 3FeX between 0.20 and 0.35, but 2FeX varies more substantially, from
0.65 to nearly 1.00 from the nepheline melasyenite to the feldspar-aegirine dikes.  This
prominent increase in 2FeX shows that the 2Of – T trend of decreasing oxygen fugacity that
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amphibole chemistry demonstrated to have commenced in the nepheline melasyenite continued
through the crystallization history of the East Hill suite.
Increasing oxygen fugacity has been implicated in increasing 3FeX in biotite. (Wones &
Eugster 1965; Redhammer et al. 1993) 3FeX in annite in the East Hill suite increases slightly,
concurrently with a larger proportional increase in 2FeX ; however, if an increase in 2Of were
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FIGURE 124 – Annite X-indicatrix pleochroism – Annite Lamprophyre
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FIGURE 125 – Annite Y-indicatrix pleochroism – Annite Lamprophyre
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FIGURE 126 – Annite Z-indicatrix pleochroism – Annite Lamprophyre
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responsible for the increased 3FeX , that would contradict the decrease in oxygen fugacity
indicated by the increase in 2FeX . A clue as to what is driving the change in 3FeX may be
found in a comparison of ivFe3+ and ivAl (Figure 128). In amphiboles, Fe3+ substitution follows
two principal routes, a dehydrogenation reaction in which ferrous iron is oxidized to ferric iron:
Fe2+ + OH– →  Fe3+ + O2– + ½ H2
and simple substitution with aluminum, Fe3+Al-1. (Clowe et al. 1988)  Among a number of
possible mechanisms, these two operate in micas, as well. (Feldstein et al. 1996)  In the
nepheline melasyenite, ivFe3+ increases with almost perfect parity with the apfu decrease in ivAl.
This implies that increasing Fe3+ in annite in the nepheline melasyenite is not driven by oxidation
of Fe2+.
Annite is a late-crystallizing mineral in the nepheline melasyenite, and the pattern of
ferric iron and aluminum is consistent with the oxygen environment late in the crystallization of
the nepheline melasyenite, in which amphiboles had already switched over from the
dehydrogenation reaction to Al substitution.  In the feldspar-aegirine dikes and the annite
lamprophyre, the trend of ivFe3+ does not reflect substitution for Al but neither does the Fe3+
content vary significantly. The slight increase in 3FeX in these lithologies may be associated
with the increased availability of Fe3+ resulting from the elevated magmatic alkalinity that drove
the increase in aegirine content in clinopyroxene, or it may reflect the more oxidizing conditions
that existed near the end of crystallization of the East Hill suite.
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FIGURE 127 – Annite compositions – East Hill suite.  Nomenclature after RIEDER ET AL. (1998).
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FIGURE 128 – ivFe3+ versus ivAl in annite – East Hill suite
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In addition to pointing to decreasing
2Of , an increase in annite content also indicates
cooling. (Wones & Eugster 1965)  Crystallization temperature is also positively correlated to Ti
content. (Robert 1976; Trønnes et al. 1985)  In the East Hill suite, the pattern of temperature
decrease indicated by Mg content is supported by negative correlation between Ti and 2FeX
(Figure 129).  The data suggest that the annite lamprophyre and the feldspar-aegirine dikes may
have crystallized over a similar temperature range.
HENRY ET AL. (2005) propose a geothermometer based on Ti in biotite for use in ilmenite-
or rutile-bearing, graphitic, peraluminous metapelites, and they caution that using the
geothermometer in systems lacking the appropriate mineral assemblage may lead to substantial
errors.  In fact, application of their geothermometer to biotite in the feldspar-aegirine dikes and
the annite lamprophyre resulted in a wide range of absurd temperatures.  The nepheline
melasyenite, however, is both ilmenite-bearing and borderline peraluminous, and the
geothermometer yielded a reasonable range of estimated crystallization temperatures for annite.
Most temperatures clustered between 475 and 525 ± 24°C; some suspect estimates were in the
325-350°C range.
Annite from the East Hill suite exhibits an iron-enrichment trend from the nepheline
melasyenite through the annite lamprophyre into the feldspar-aegirine dikes (Figure 130).  The
annite compositions from the annite lamprophyre lie slightly off the trend line that would
connect the annite compositions from the nepheline melasyenite and the feldspar-aegirine dikes.
This may reflect a different source magma for the annite lamprophyre, as also suggested by
whole-rock geochemistry.  Excluding the annite lamprophyre, the annite compositions indicate a
positive correlation between annite iron content and degree of magmatic evolution.
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FIGURE 129 – Ti versus 2FeX in annite – East Hill suite
Among compared nepheline syenite complexes (Figure 130), the trend of East Hill suite
annite compositions best follows those from Oslo and South Greenland, although East Hill suite
annite is less aluminous than that from those localities.  Actual compositions are more similar to
those from Chilwa or Magnet Cove, though more aluminous.  Comparison of the Al content of
East Hill suite annite with that of Ti and Mn2+ revealed covariation of all three elements. EBY ET
AL. (1998) suggest that this indicates that the annite more likely inherited its aluminum content
from the magma, rather than subsequent metasomatism.
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FIGURE 130 – Annite enrichment trend in the East Hill suite, compared to enrichment trends from other nepheline
syenite complexes.  (1) Oslo rift, Norway (Andersen & Sørensen 1993), (2) Kasungu-Chipala, Ilomba
& Ulindi, Malawi (Eby et al. 1998), (3) Igdlerfigsalik, South Greenland (Finch 1995), (4) Junguni,
Chilwa Alkaline Province, Malawi (Woolley & Platt 1988), (5) Magnet Cove, Arkansas Alkaline
Province, Arkansas (Flohr & Ross 1990).
Both Ti and Al (Figures 129 & 131) decrease with increasing 2FeX , although it is
unclear as to which path the evolutionary trend follows.  Owing to the disposition of the data
points, it is possible to lay a best-fit curve through both the nepheline melasyenite and annite
lamprophyre data or both the nepheline melasyenite and the feldspar-aegirine dike data, leaving
the remaining lithology in each case as an outlier.  Independent evidence from whole rock
analyses, however, suggests that the annite lamprophyre is that which should be the outlier.  In
contrast, Mn increases with increasing 2FeX (Figure 132), and all three mica-bearing lithologies
lie along a common trend line.
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FIGURE 131 – Total Al versus 2FeX in annite – East Hill suite
354
Fe2+/(Mg + Fe2+)
0.5 0.6 0.7 0.8 0.9 1.0
Mn
2+
 (a
pfu
)
0.0
0.2
0.4
0.6
0.8
1.0
Nepheline Melasyenite
Feldspar-Aegirine Dikes
Annite Lamprophyre
FIGURE 132 – Mn2+ versus 2FeX in annite – East Hill suite
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Pectolite-Sérandite Series
Pectolite, Na(Ca,Mn2+)2Si3O8(OH)
Sérandite, Na(Mn2+,Ca)2Si3O8(OH)
Type 1 Nepheline Leucosyenite
Members of the pectolite-sérandite series are found as trace minerals in the Type 1
nepheline leucosyenite, as rose pink to salmon, anhedral to subhedral, platy crystals to 2 mm in
maximum dimension.  They are opaque to translucent with a pearly luster and are associated
with clinopyroxene, potassium feldspar, natrolite, fluorapatite, arsenopyrite, and sphalerite.
Type 3 Nepheline Leucosyenite
Sérandite is a trace mineral in the Type 3 nepheline leucosyenite.  It occurs as anhedral to
subhedral, bladed crystals to 25 μm long, associated with aegirine, included by sodalite
pseudomorphs after nepheline.  It is also associated with calcite and fluorite, with sodalite
pseudomorphs after nepheline.
Eudialyte Syenite
Sérandite occurs as a minor mineral in the eudialyte syenite, associated with aegirine,
alkali feldspar, and natrolite.  Sérandite is seen as equant stacks of platy, subhedral crystals to 1
cm in maximum dimension, with individual crystals to 4 mm (Figure 133).  The sérandite
exhibits prominent basal cleavage and has a pearly to vitreous luster.  Most individuals are pale
pink in color, although some may be yellow, brown, or colorless.  A representative analysis of
sérandite is listed in TABLE 56.
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FIGURE 133 – Sérandite, associated with aegirine (black), alkali feldspar, and natrolite – Eudialyte Syenite (12x)
TABLE 56 – Representative electron microprobe analysis of sérandite – Eudialyte Syenite
Lithology: Eudialyte Syenite
Sample: MSH-B-1
Target: 1e Target: 1e
SiO2 (wt.%) 51.22 Cations
Al2O3 0.02 Si 3.008FeOtot 1.12 Al 0.001MnO 25.35 Fe2+ 0.055
MgO 0.05 Mn2+ 1.261
ZnO na Mg 0.004
CaO 10.22 Zn na
BaO na Ca 0.643
Na2O 9.11 Ba naK2O 0.00 Na 0.000H2O* 2.55 K 1.038OH 0.999
SUM 99.64
*H2O calculated to yield best Normalized to 9 oxygen apfucombination of charge-balance na = not analyzed
and 1 OH pfu
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Thorogummite
Th(SiO4)1-x(OH)4x
Type 2 Nepheline Leucosyenite
Thorogummite has been tentatively identified as a rare mineral in the Type 2 nepheline
leucosyenite.  It occurs as an anhedral mass to 5 μm in diameter.  Identification was primarily
based on EDS analysis.
FIGURE 134 – Thorogummite (?) associated with alkali feldspar and natrolite – Eudialyte Syenite (30x)
Eudialyte Syenite
Thorogummite has been tentatively identified as a rare mineral in the eudialyte syenite.
It is seen in certain vugs as irregular masses, approximately 100 μm in diameter (Figure 134),
associated with alkali feldspar and natrolite.  In thin section, it appears amber in color, with a
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granular appearance, and it is associated with ancylite-(Ce), with or without apatite.  It is also
seen as a 10 μm bleb associated with pyrochlore.  In both cases, identification is primarily based
on EDS analysis, but this evidence is supported by physical similarity of the specimen, in terms
of color, luster, form, and association, to previously documented occurrences of thorogummite at
Mont Saint-Hilaire (Mandarino & Anderson 1989).
UNIDENTIFIED PHASES
Ca-Zr Silicate
Occurs in the Type 3 nepheline leucosyenite as subhedral, perhaps fibrous, crystals,
apparently growing across a 10 μm-wide fracture in natrolite after sodalite after nepheline.
Chemical components were determined by EDS analysis.  The estimated birefringence is 0.007,
which is too low for any known Ca-Zr silicates from Mont Saint-Hilaire.  The EDS analysis also
yields Na and Nb signals; this may indicate an admixture of a Na-Nb silicate or oxide, although
such known minerals are also poor matches based on optical properties.  Not enough data could
be collected on this sample to make a tentative identification.
Ce-dominant Ca-REE Carbonate
Occurs in the Type 3 nepheline leucosyenite as anhedral to subhedral equant crystals to
15 μm, included by aegirine.  Chemical components were determined by EDS analysis.  This
could be any one of several minerals, including synchysite-(Ce) and parisite-(Ce), both of which
are common with respect to accessory minerals at Mont Saint-Hilaire.
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Ce-dominant Ca-REE Phosphate #1
Occurs in the Type 1 nepheline leucosyenite as an amber to brown, blebby aggregate 50
μm in diameter.  The apparent birefringence is 0.007, but this could be slightly artificially low
owing to the small size of the specimen.  Chemical components were determined by EDS
analysis.  The only Ca- and Ce-bearing phosphate currently known in the East Hill Suite is
brockite, (Ca,Th,Ce)PO4 · H2O (Mandarino & Anderson 1989), but note that this mineral does
not have cerium as an essential constituent and that it is likely to contain thorium, an element that
did not show up in EDS analysis, at the same time.  Furthermore, brockite is white and has a
birefringence of 0.015.  Therefore, it does not seem likely that the unidentified phase is brockite.
This may represent a new mineral at Mont Saint-Hilaire.
Ce-dominant Ca-REE Phosphate #2
Occurs in the Type 3 nepheline leucosyenite as colorless, subhedral hexagonal crystals to
7 μm in maximum dimension, with most individuals measuring between 2 and 5 μm in
maximum dimension.  These crystals are present at the interface between microcline and
natrolite after sodalite after nepheline.  The apparent birefringence is 0.007, although the small
size of the specimens almost certainly skews this to the low side.  Compensating for thickness,
this could represent a birefringence as high as 0.025.  EDS analysis also yielded a Th and a U
signal.  Brockite, (Ca,Th,Ce)PO4 · H2O, is a reasonably good guess as to the identity of this
phase.  It has the correct chemistry, color, and morphology, and its birefringence (0.015) is in the
potential range for this specimen, taking into account a thickness correction.  There is not enough
data, however, for a confident identification.
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Na-Zr Silicate
Occurs in the Type 1 nepheline leucosyenite as aggregates of bladed crystals that appear
colorless in thin section.  Birefringence is estimated to be approximately 0.014.  The individual
crystals are up to 50 μm in length with various aspect ratios.  The aggregates are associated with
aegirine-augite and occur at the margin of altered sodalite pseudomorphs after nepheline,
adjacent to microcline and intergrown with natrolite.  Chemical components were determined by
EDS analysis.
A number of Na-Zr silicates occur in the East Hill Suite: catapleiite, Na2ZrSi3O9 · 2 H2O;
elpidite, Na2ZrSi6O15 · 3 H2O; gaidonnayite, Na2ZrSi3O9 · 2 H2O; hilairite, Na2ZrSi3O9 · 3 H2O;
parakeldyshite, Na2ZrSi2O7; petarasite, Na5Zr2Si6O18(Cl,OH) · 2 H2O; and terskite,
Na4ZrSi6O15(OH)2 · H2O. (Mandarino & Anderson 1989) Owing to similarities in stoichiometry,
it is not meaningful to try to distinguish these species solely on the basis of estimated Na:Zr:Si
ratios from an EDS analysis.  Petarasite, however, can be eliminated immediately, based on EDS
analysis, as the unidentified phase does not have a Cl signal in its EDS spectrum.
Catapleiite (δ = 0.036), gaidonnayite (δ = 0.026), and parakeldyshite (δ = 0.043) have
birefringences that are too high, and terskite (δ = 0.008) has a birefringence that is too low.
Elpidite (δ = 0.012) and hilairite (δ = 0.013) are the best possibilities.  These two minerals can be
readily distinguished, in general, based on other optical properties, in that elpidite is biaxial
positive and hilairite is uniaxial negative.  The specimen, however, is too small to obtain a
suitable interference figure.
Elpidite typically forms bladed crystals; hilairite crystals are usually more equant and
prismatic.  Although both may exhibit similar habits, based on this property, elpidite is the more
likely candidate, but there is not enough evidence for confident identification.
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DISCUSSION
VARIATION INMAGMATIC EXTENSIVE PARAMETERS
Oxygen Fugacity
Although the East Hill suite is the focus of this study, crystallization at Mont Saint-
Hilaire commenced with the gabbros of the Sunrise and Pain de Sucre suites. (Greenwood &
Edgar 1984; Gilbert & Foland 1986)  Spinel and apatite were the first minerals to crystallize,
followed semi-contemporaneously by ilmenite and titanomagnetite.  Ilmenite-magnetite
geochemistry indicates subsolidus equilibration over a temperature range of 560-775°C, with
2Of near the QFM buffer, which corresponds to a approximate oxygen fugacity range of 10-18 to
10-20 bar and decreasing with temperature. (Greenwood & Edgar 1984) CURRIE ET AL. (1986)
essentially agree with the temperature range for the gabbro magnetite and the oxygen fugacity
for the Sunrise suite, but they propose an oxygen fugacity of about 10-24 bar for the Pain de Sucre
suite.  Olivine and clinopyroxene crystallized following ilmenite and titanomagnetite
(Greenwood & Edgar 1984), and the olivine-clinopyroxene geothermometer indicates
crystallization temperatures for these minerals around 1100°C for both gabbroic suites. (Currie et
al. 1986)
The generally low oxygen fugacity of the East Hill suite is parenthetically touched upon
by CURRIE ET AL. (1986), but their only estimate is from ilmenite-magnetite geochemistry from
the nepheline melasyenite, for which their analyses calculate to approximately 575°C with an
2Of ≈ 10-22 bar, just below the QFM buffer and intermediate in oxygen fugacity to the gabbroic
suites. Mineralogical and geochemical data from this study expands this view (Figure 135)
Overall, mineral geochemistry from amphiboles, magnetite, and annite points to generally
decreasing oxygen fugacity with cooling.
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The Zr-in-sphene thermobarometer (Hayden et al. 2008) gives an approximate
temperature range of 700-950 ± 20°C at 1 kbar. Petrography shows that titanite is one of the first
minerals to crystallize in the nepheline melasyenite; therefore, the East Hill suite magma
intruded at nearly 1000°C.  The presence of primary titanite indicates oxygen fugacity above the
QFM buffer (Carmichael & Nicholls 1967), and the paragenetic immediacy of subsequent
ilmenite-magnetite crystallization suggests that the titanite
2Of was not far above QFM.  This
corresponds to an estimated emplacement oxygen fugacity of at least, but near, 10-11.5 bar.
Ilmenite, magnetite, and clinopyroxene probably began to crystallize while titanite was
still forming, probably still above 900°C. Amphibole followed clinopyroxene in the paragenesis,
and amphibole includes subhedral magnetite.  Therefore, magnetite and clinopyroxene had to
have crystallized prior to amphibole. Temperature estimates from amphibole extend to as high
as approximately 875°C, so magnetite and calcic clinopyroxene crystallization temperatures
must be at least as high. More sodic pyroxenes in the nepheline melasyenite are observed to be
later-formed, thus cooler.  Also, acmitic pyroxene is only stable in the presence of water below
about 800°C at 1 kbar. (Bailey 1969) Amphibole geochemistry points to decreasing oxygen
fugacity with cooling down to about 650°C, when amphibole crystallization ceased.
Ilmenite-magnetite geochemistry indicates a temperature range of 600 to 525°C and an
approximate range of
2Of from 10-22 to 10-23.5 bar, decreasing with temperature. Considering the
presumed magnetite crystallization temperature, based on paragenetic relationships, the
geochemically-derived temperature range probably represents subsolidus equilibration.  The
transition in oxygen fugacity from the relatively high
2Of of titanite crystallization to the lower
2Of of magnetite equilibration requires the 2Of – T path to be steep enough to cross the QFM
buffer. Like amphiboles, specific oxygen fugacity data could not be derived from annite
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FIGURE 135 – Estimated oxygen fugacity versus temperature path for the East Hill suite.  Upper
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boundaries are dashed; lower boundaries are dotted. Buffers after EUGSTER&WONES (1962).
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compositions, but they also clearly point to a continued trend of decreasing oxygen fugacity.
Sphalerite yields an estimated
2Of of 10-22 bar.
In the Type 2 nepheline leucosyenite, siderite crystallized as a late-stage mineral, only
stable below 500°C and an
2Of of 10-22 bar (Huebner 1969).  Kupletskite also occurs as a late-
stage phase in the Types 1 and 3 nepheline leucosyenite, as well as the eudialyte syenite.
Kupletskite defines the lower oxygen fugacity limit for these lithologies, as it decomposes to an
aenigmatite group mineral below the QFM buffer. (Marsh 1975)
Crossing back over the QFM buffer demands that the
2Of – T path levels out somewhat,
although annite geochemistry from the feldspar-aegirine dikes and the annite lamprophyre
indicates that oxygen fugacity continued to fall through these lithologies.  The appearance of
late-stage hematite in the feldspar-aegirine dikes marks the
2Of – T path crossing the HM buffer.
Sulfur Fugacity
The extent of sulfide mineralization in the East Hill suite has been heretofore overlooked,
and similarly, so, too, has been the variation in sulfur fugacity in the East Hill suite magma.
Control over the evolution of the
2Sf – T path was not as strong as over the 2Of – T path, mainly
due to the lack of sufficient analytical data to utilize sulfur geobarometers.  However, the various
sulfide mineral assemblages from the East Hill suite at least allow some bracketing of reasonable
2Sf – T ranges (Figure 136).
Pyrite followed magnetite in the nepheline melasyenite, commencing crystallization
along with late-stage magnetite. Pyrite stabilizes below about 750°C at a maximum sulfur
fugacity of approximately 101 bar.  Pyrite coexisting with late-stage magnetite in the nepheline
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melasyenite suggests crystallization temperatures from 600 down to 525°C over a possible
2Sf
range of 100 to 10-4 bar. (Whitney 1984)  Hedenbergite stability relations in the nepheline
melasyenite establish an upper limit of sulfur fugacity at 10-0.6 bar at 500°C.
Sulfide mineralization in the East Hill suite was largely restricted to oxygen fugacities at
or below the QFM buffer.  This represents a thermal window between about 800 and 500°C
(Figure 135).  At emplacement, the East Hill suite magma crystallized a sulfide-free assemblage
at a temperature of approximately 1000°C and an
2Of of about 10-10 bar. This corresponds to a
maximum sulfur fugacity of 100 bar (Figure 136); however, due to the lack of sulfide minerals
early in the crystallization history, there was no way to fix a firm sulfur fugacity minimum at
these temperatures. The
2Sf – T path should enter the pyrite field near the temperature estimate
for the onset of pyrite crystallization, 600°C, which corresponds to a sulfur fugacity of about 10-2
bar. To reach this point, the path could follow one of two general routes; it could either begin at
relatively low
2Sf and then travel to higher sulfur fugacities with cooling (Figure 136, solid
path), or it could begin near its maximum and then trace a path of decreasing sulfur fugacity
(Figure 136, dotted path).
Petrography reveals that magnetite first crystallized in the absence of sulfides, followed
by a magnetite-sulfide association.  The decreasing
2Sf path (dotted) enters the pyrrhotite
stability field almost immediately after emplacement, which is inconsistent with observations.
The increasing
2Sf path (solid) remains in the magnetite field down to about 850°C, which
corresponds to oxygen fugacity just above the QFM buffer, consistent with the
2Of conditions of
sulfide mineralization.  The initial increase in sulfur fugacity also makes sense in light of the
absence of sulfur-bearing phases in the early nepheline melasyenite.
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(FIGURE 136) Estimated sulfur fugacity versus temperature path for the East Hill suite.  Upper
2Sf – T control
boundaries are dashed; lower boundaries are dotted.  Sulfide and magnetite stability fields after
KRETSCHMAR&SCOTT (1976), WHITNEY (1984) & CHOI&YOUM (2000). Dashed-dotted isopleths
represent the loci in
2Sf – T space of the magnetite-sulfide boundary at the indicated oxygen
fugacities. (data from Whitney 1984) Magmatic
2Of values as a function of T from FIGURE 135. The
po-mt curve crossing these isopleths represents the boundary between the pyrrhotite and magnetite
fields for the
2Of – T path of the East Hill suite magma.
After entering the pyrrhotite field, sulfur fugacity increases with cooling at a lower rate
than in the magnetite field, due to extraction of sulfur from the melt.  At about 700°C, the
2Sf – T
path begins a sharp turn towards lower sulfur fugacity.  This corresponds to the sudden drop of
oxygen fugacity across the QFM buffer, which allowed the development of abundant sulfide
mineralization.  Just below 650°C, the path enters the pyrite stability field, permitting the
crystallization of pyrite and the transition of pyrrhotite to pyrite.
Once in the pyrite field, the
2Sf – T path is restricted to a route that stays close to the
pyrite-pyrrhotite boundary.  The presence of chalcopyrite in the eudialyte syenite establishes a
maximum sulfur fugacity, as does the presence of arsenopyrite in the nepheline leucosyenite.
The path must pass through the py + asp stability field before cooling far below 500°C; this
corresponds to the reëmergence of the
2Of – T path above the QFM buffer and the decline in
sulfide mineralization. Sulfur fugacity remains important, however, as this portion of the path
represents sulfate mineralization in the form of barite.
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ALKALINITY OF THE EASTHILL SUITE
The Formal Concept of Alkalinity
Overview
Beginning with the first formal, modern studies of alkaline rocks—in particular, that of
USSING (1912)—investigators have made efforts to develop a system of classification.  Alkaline
rocks, however, do not lend themselves well to categorization by simple modal proportions, in
the manner of the Q-A-P-F diagrams of STRECKEISEN (1967).  As BOWEN (1956, p. 234) put it,
“The alkaline rocks constitute a group that is difficult to mark off sharply from their more
abundant sub-alkaline relatives.” Alkaline rocks resist classification by conventional means
because of their vast diversity of mineralogy and chemistry. The fundamental reason for this
diversity is the broad range of whole-rock alkali metal content. Consequently, alkali metal
content and alkaline mineralogy form the basis of the two main approaches to classification.
Geochemical Alkalinity
The term agpaitic was originally used by USSING (1912) to refer to the Ilímaussaq
complex, Greenland and has come to refer to any particularly alkaline rock.  Numerous ratios of
various combinations of alkali metals (± femic elements ± alkaline earth metals) versus
aluminum ± silicon have been proposed to delineate the several species of alkaline rock.
(Sørensen 1974) All of them, however, revolve around the concept of the agpaitic index or
coefficient (Sørensen 1974; Khomyakov 1995), defined as,
1.0OAl
OKONa
32
22 
in which the variables are the molecular proportions of the three oxides.  Alkaline rocks whose
bulk rock composition results in a value for the agpaitic index greater than 1.0 are referred to as
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agpaitic; those whose agpaitic index is less than 1.0 are referred to as miaskitic.  This division
serves the same purpose in the alkaline rocks, as does the boundary between alkaline and calc-
alkaline rocks in the greater universe of igneous rocks; it defines two broad groups of rocks that
exhibit important genetic differences.
Agpaitic rocks are depleted in calcium and magnesium, are enriched in iron (often more
so in ferric iron), contain elevated quantities of rare elements (e.g. Ce, Nb, Zr), and are
characterized, provisionally, with important systematic exceptions (Khomyakov 1995), by a low
content of CO2.  Miaskitic rocks exhibit the opposite character in each of these four criteria
(Sørensen 1974) and represent a transition between calc-alkaline and alkaline rocks.
Mineralogical Alkalinity
Alkaline rocks are also be defined by their accessory mineral assemblage. Comparison of
bulk rock chemistry with observed mineralogy reveals that particular minerals are typologically
associated with particular ranges of agpaicity. SØRENSEN (1974) observed that agpaitic rocks are
generally characterized by prominent high-alkali accessory minerals such as eudialyte, whereas
miaskitic rocks contain corresponding low-alkali or alkali-free phases such as zircon.
KHOMYAKOV (1995) synthesized the results of his own work and presented a more
formal and objective mineralogical basis for establishing agpaicity.  His system recognizes the
subjective relationship between mineralogy and alkalinity but classifies rocks by establishing an
objective measure of mineral alkalinity. The alkalinity modulus, Kalk, is a gauge of the alkalinity
of the chemical environment hosting a given phase and is calculated as,
pyx
x100K alk 
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from examination of the general formula of accessory amphosilicates, AxMySipOq, in which
A  alkali metals, such as Na, and M  rare elements, such as Zr.
The alkalinity modulus defines five divisions of alkaline rocks based on the predominant
agpaicity of their accessory minerals. As with the system of SØRENSEN (1974), miaskitic
minerals (and rocks) are their own indivisible category, but agpaitic minerals are subdivided into
four groups (Table 57).  It is significant to mention, that KHOMYAKOV (1995) does not exclude
secondary minerals from this scheme.  Whereas the initial petrologic definitions for the rocks of
this study were based, inasmuch as was feasible, on primary mineralogy, KHOMYAKOV (1995)
rightly implies that the secondary minerals say as much about the ultimate chemical
environment.
TABLE 57 – Mineralogical alkalinity & characteristic mineral assemblages (Khomyakov 1995)
Agpaitic Selected CharacteristicAccessory Minerals
Selected Characteristic
Rock-Forming Minerals
hyperagpaitic
Kalk>40% olympite, vuonnemite, zirsinalite hackmanite, riebeckite
highly agpaitic
35<Kalk<40% astrophyllite, eudialyte, keldyshite aegirine, analcime, sodalite
medium-agpaitic
25<Kalk<35% gaidonnayite, hilairite, titanite aegirine, arfvedsonite, nepheline
low agpaitic
15<Kalk<25% låvenite, pyrochlore, zircon augite, katophorite, cancrinite
Miaskitic Selected CharacteristicAccessory Minerals
Selected Characteristic
Rock-Forming Minerals
miaskitic
Kalk≪15% allanite, fluorite, calcite augite, hastingsite, albite
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Geochemical Alkalinity of the East Hill Suite
Calculated agpaitic indices (AI) for the East Hill Suite reveal both miaskitic and agpaitic
lithologies (Figure 137). Although it occupies most of the volume of the East Hill suite, the
nepheline melasyenite is the sole miaskitic rock, with AI = 0.79.  The nepheline leucosyenites
are much more alkaline than the other agpaitic lithologies, with AI = 1.43, 1.64, and 1.32 for
Types 1, 2, and 3, respectively.  The eudialyte syenite, feldspar-aegirine dikes, and annite
lamprophyre are more moderately alkaline, with respective AI values of 1.16, 1.16, and 1.17.
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FIGURE 137 – Whole-rock agpaitic indices – East Hill suite
The plot of AI values takes the general form of a skewed bell curve.  At first glance, it
appears that the rock types are listed out of genetic order.  Intuition suggests that agpaicity
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should continuously increase with magmatic evolution; in terms of a plot, it should appear as a
more or less straight line or as a polynomial curve, either of which would have a positive slope.
The AI curve, however, does not follow this expected trend.  The latter portion of it has a
variously negative slope, and AI values reach a maximum before even the middle of the
sequence.  Prior to calculation of agpaitic indices, the lithologies were put in a sequence meant to
represent their deduced order of crystallization, based on field relationships, geochemical data,
and mineralogical observations.  Considering this sound foundation for the original sequence,
what could explain the resultant pattern of alkalinity?
KHOMYAKOV (1995) describes a phenomenon observed in pegmatites in the Khibina and
Lovozero massifs that he refers to as the “alkalinity wave.”  The concept of the alkalinity wave is
that maximum alkalinity occurs in rocks formed during an intermediate stage of crystallization.
The earliest- and latest-formed lithologies will be less agpaitic, if not miaskitic.  The
phenomenon is attributed to a build-up of alkali- and rare-element-rich mineralizing fluids that
reaches its maximum influence during the middle of the sequence of crystallization.
The build-up of fluid is initiated by the formation of anhydrous phases in early stages of
crystallization and peaks during some intermediate stage. KHOMYAKOV (1995) suggests that the
alkalinity of this fluid is governed by the acid-base behavior resulting from temperature
variation.  At high temperature, normally-strong acids do not dissociate to nearly the degree seen
at room temperature; thus, they behave as weak acids, and the melt is dominated by strong bases
that are left unneutralized.  With falling temperature, strong acids are permitted to dissociate
more freely, neutralizing strong bases, and lowering the alkalinity of the melt.
This phenomenon, or at least the geochemical trappings thereof, appears to exist in the
East Hill Suite, as well.  Rock types that are clearly intermediate in terms of their crystallization
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sequence, the nepheline leucosyenites, exhibit the highest degrees of agpaicity in the suite.  The
latest-formed rock types, the eudialyte syenite, the feldspar-aegirine dikes, and the annite
lamprophyre, are much less agpaitic; and the earliest, the nepheline melasyenite, is, in fact,
miaskitic.  This suggests that alkali-rich fluids were active in the East Hill Suite, and that these
fluids caused an enhancement of the agpaicity of the nepheline leucosyenites.
The alkalinity wave observed in the East Hill Suite is a large-scale phenomenon, whereas
KHOMYAKOV (1995) describes the alkalinity wave as a characteristic of agpaitic pegmatites.
Furthermore, all known references from the literature that refer to the alkalinity wave (e.g.
Fersman 1937, 1958; Semenov 1972; Kogarko 1977; Borutsky et al. 1980; Pekov 1995) invoke
it as a phenomenon that characterizes the transition of bulk-rock chemistry in the cadre and on
the scale of pegmatites.  This study of the East Hill Suite at Mont Saint-Hilaire may represent the
first description of this phenomenon on the scale of an entire intrusive sequence.
Mineralogical Alkalinity of the East Hill Suite
Overview
Consistent with the data from agpaitic indices, from a mineralogical standpoint, the
nepheline melasyenite is dominantly miaskitic, whereas the other lithologies are dominantly
agpaitic (Table 58).  Interestingly, cancrinite, natrolite, nepheline, and sodalite, while agpaitic
minerals, are present in the nepheline melasyenite.  Similarly, calcite, a miaskitic mineral, is
present in all of the agpaitic rock types7, but it is not present in the one miaskitic lithology.
7 This situation with calcite is, in fact, the exact opposite of the long-running view on its occurrence in alkaline
rocks. HEINRICH (1966, p. 18) goes so far as to say, “Agpaitic rocks contain very little CO2, and accessory calciteis absent [italics added].”  This has clearly been proven to be somewhat inaccurate, in that KHOMYAKOV (1995)
reports calcite in more than minor quantities as a postmagmatic mineral from the Khibina massif, and calcite
occurs, of course, in agpaitic rocks at Mont Saint-Hilaire.
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TABLE 58 – Characteristic mineral assemblages – East Hill suite
nepheline
melasyenite
nepheline
leucosyenite
(all Types)
eudialyte
syenite
feldspar-
aegirine dikes
annite
lamprophyre
alumino-
silicates
alkali
feldspar
cancrinite
natrolite
nepheline
sodalite
alkali
feldspar
cancrinite
natrolite
nepheline
sodalite
alkali
feldspar
natrolite
sodalite
alkali
feldspar natrolite
amphibole
group hastingsite arfvedsonite
ferro-
eckermannite – riebeckite
pyroxene
group
augite
titanaugite aegirine aegirine aegirine aegirine
zircono-/
titano-
silicates
ilmenite
titanite
kupletskite
pyrochlore
zircon
catapleiite
eudialyte
gaidonnayite
pyrochlore
pyrochlore
gaidonnayite
petarasite
pyrochlore
other
minerals
fluorapatite
magnetite
calcite
fluorapatite
calcite
fluorapatite calcite
annite
calcite
fluorapatite
Major Minerals, Minor Minerals, Trace & Rare Minerals
Agpaitic Minerals, Miaskitic Minerals, Unaffiliated Minerals
Mineral affinities compiled from HEINRICH (1966), SØRENSEN (1974) & KHOMYAKOV (1995)
Some factor causes this unexpected distribution of minerals.  It is possible that the
fundamental magmatic chemistry of the East Hill Suite is anomalous, in terms of agpaitic
intrusive suites.  This is probably at least partly true, in that calcite appears to be a primary,
magmatic phase in some occurrences, even in the more evolved lithologies.  A unique magma
composition, however, does not explain all of the discrepancies.  In particular, most of the
minerals that are found outside of their expected agpaitic range occur as secondary minerals,
suggesting a non-magmatic influence.  The most obvious possibility, in terms of the
compositions and modes of occurrence of these secondary phases, is the action of alkaline fluids,
during or following crystallization.
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Pyroxene Alkalinity
Average alkalinity moduli, Kalk, were calculated for pyroxene group minerals from each
lithology of the East Hill Suite (Figure 138).  These range from a low of 8.33 for the nepheline
melasyenite to a high of 23.43 for the annite lamprophyre.  It is obvious from a brief examination
of FIGURE 138, however, that the values are not evenly spread across this range.  They rise
sharply from that of the nepheline melasyenite and plateau to nearly constant values for the
remaining lithologies.  Clinopyroxene has a mathematical maximum Kalk value of 25.0, which
represents pure end-member aegirine; thus, it is not possible for any clinopyroxene Kalk to be
much more agpaitic than those represented in the more evolved lithologies of the East Hill Suite.
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FIGURE 138 – Alkalinity moduli of pyroxene group minerals – East Hill suite
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The results of the clinopyroxene alkalinity moduli calculations were then superposed on
the agpaicity indices for the several lithologies of the suite (Figure 139). Here, something
interesting reveals itself.  There is good agreement between clinopyroxene alkalinity and whole-
rock agpaicity for the nepheline melasyenite, the eudialyte syenite, the feldspar-aegirine dikes,
and the annite lamprophyre, but there is a significant disparity between these measurements for
the three nepheline leucosyenites.  In fact, not only is the agreement between AI and Kalk better
for the other lithologies, but their AI values plot lower, in every case, than their average
clinopyroxene Kalk values.  On the other hand, the AI for the nepheline leucosyenites plots
substantially higher than the Kalk for their clinopyroxenes.
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FIGURE 139 – Pyroxene alkalinity moduli compared with whole-rock agpaicity indices – East Hill suite
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To phrase it a different way, the clinopyroxene from the nepheline leucosyenites is less
alkaline than the rock, as a whole, whereas the clinopyroxene for the remaining lithologies is
more alkaline than the rock, as a whole.  More particularly, however, the clinopyroxene from the
nepheline leucosyenites is, on average, less alkaline than the average from the other more-
evolved lithologies (eudialyte syenite, feldspar-aegirine dikes, and annite lamprophyre), even
though the nepheline leucosyenites are much more agpaitic than these other lithologies.
All of this preceding analysis of clinopyroxene chemistry is, of course, run on the
assumption that purely magmatic processes are in play.  Although Kalk can never be higher than
25.0 for clinopyroxene, AI values for the nepheline leucosyenites should correlate, at least
proportionally, with clinopyroxene Kalk values.  So the clinopyroxene from the nepheline
leucosyenites should have the highest average Kalk in the East Hill Suite, solely considering the
action of magmatic evolution.  As it does not, this, too, suggests that another mechanism is at
work that has influenced the whole-rock chemistry of the East Hill Suite. Again, invoking
alkaline fluids could account for the anomalous agpaitic geochemistry.
EVIDENCE FOR&BEHAVIOR OFALKALINE FLUIDS
Introduction
An analysis of the whole-rock agpaicity and the mineralogical alkalinity of lithologies in
the East Hill Suite from this study suggests that several rock types were subjected to mineral
reactions mediated by alkali-rich fluids.  This suggestion is in concert with the concept of the
alkalinity wave of KHOMYAKOV (1995). Alkaline fluids have played a role in other alkaline
complexes, for example the Strange Lake complex, Labrador-Québec border (Salvi & Williams-
Jones 1990) and Ilímaussaq, Greenland. At Ilímaussaq, Na- and Cl-rich fluids were involved in
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late-stage hydrothermal mineralization and replacement reactions. (Markl & Baumgartner 2002)
In contrast, the Strange Lake magma is interpreted to have interacted with Ca-rich fluids, causing
Ca-metasomatism, followed by low-salinity fluids that diluted and removed fluorine from the
system, destabilizing rare-element complexes and causing rare-element mineralization. (Salvi &
Williams-Jones 1990) Alkaline brine has been invoked to explain the abundance of sodalite in
the East Hill suite (Currie et al. 1986); although there is no objection to the presence of alkaline
fluids, there are mechanistic issues with their theory.
In addition to the patterns of geochemical and mineralogical alkalinity, there is ample
mineralogical evidence that alkali-rich fluids also had a strong influence on the geochemistry and
mineralogy of the East Hill Suite:
1) albitization of K-feldspar
2) corrosion of alkali feldspar, especially K-rich crystals
3) ubiquitous alteration of nepheline to form sodalite
4) alteration of nepheline to form cancrinite
5) subsequent alteration of sodalite to form natrolite
6) subsequent alteration of natrolite to form dawsonite
7) crystallization of siderite in void space following dawsonite
8) crystallization of rhodochrosite
9) late-stage alkali zirconosilicate mineralization
10) possible alteration of melilite to form natrolite + calcite
Furthermore, systematic variation in the nature of fluid-mediated mineralization points towards
significant changes in fluid chemistry and the geochemical environment over time.
379
Nepheline Alteration Reactions
Nepheline → Sodalite
CURRIE ET AL. (1986) propose the interaction of the East Hill suite magma with a Na- and
Cl-rich brine to account for the general alkalinity of the suite and the abundance of sodalite.
They suggest that the magma assimilated the brine, driving the crystallization of primary
sodalite.  Most sodalite in the East Hill suite, however, is subsolidus and secondary after
nepheline. Upon initial examination, the Type 1 nepheline leucosyenite and eudialyte syenite
appear to contain phenocrystic nepheline.  Examination with the petrographic microscope and
EDS analysis reveal, however, that over 90% of the nepheline in these rock types has been
converted to colorless pseudomorphs of sodalite.  This alteration is more obvious in the Type 2
and 3 nepheline leucosyenites, in which occur blue sodalite pseudomorphs after nepheline and
purple hackmanite pseudomorphs after nepheline, respectively.  In all cases, alteration proceeded
from rim to core and, in some cases, was obviously fracture-controlled.  This is consistent with a
fluid-mediated reaction.
The alteration of nepheline to sodalite in the Type 1 nepheline leucosyenite is ideally
effected as follows:
6 NaAlSiO4 + 2 Na+ + 2 Cl- ↔ Na8Al6Si6O24Cl2
The product of this reaction is end-member sodalite, which is colorless.  In reality, nepheline
contains varying amounts of potassium:
6 Na3KAl4Si4O16 + 14 Na+ + 8 Cl- ↔ 4 Na8Al6Si6O24Cl2 + 6 K+
which results in the release of potassium into the system.  This may be a factor in the late-stage
crystallization of astrophyllite group minerals.
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In the Type 2 nepheline leucosyenite, small quantities of sulfur may be inferred to have
participated in the reaction; again, considering an ideal nepheline composition:
6 NaAlSiO4 + 2 Na+ + 2-2x Cl- + x S2- ↔  Na8Al6Si6O24[Cl2-2xSxx]
This inference arises from the blue color of the sodalite in the Type 2 nepheline leucosyenite.
Chemically, sodalite is a member of a class of compounds called ultramarines.  In the
ultramarines, sulfur radical anions act as chromophores; in particular, in sodalite, S∸3 radicals
produce the striking blue color that is familiarly associated with sodalite, although S∸2 radicals,
which are responsible for yellow coloration, are present in subordinate amounts.  Experimental
evidence suggests that up to about 40% of the anionic cage sites in the sodalite structure may be
occupied by S∸3 radicals, and that these radicals are supplied and replenished, if necessary, from a
reservoir of S2- anions. (Gobeltz-Hautecœur et al. 2002)
Hackmanite, in the Type 3 nepheline leucosyenite, follows a similar reaction:
6 NaAlSiO4 + 2 Na+ + 2-2x Cl- + x S2- + y Fe3+ ↔  Na8[Al6-y 3yFe ]Si6O24[Cl2-2xSx x] + y Al3+
Notice the incorporation of iron.  This follows the scheme proposed by PETERSON (1983) to
account for the unusual photochromic behavior of hackmanite, and is supported by microprobe
analyses of hackmanite by TICE (1995).  Sulfur radical anions play a role in the color of
hackmanite, as well.  Photochromic behavior aside, the persistent reddish-purple color of
hackmanite is probably due to a combination of S∸3 and S∸2 radicals, in combination with either
S∸4 or 04S , each of which produces a red color. (Clark & Cobbold 1978; Gobeltz-Hautecœur et al.
2002)
Note that although sulfur radicals may theoretically occupy a large proportion of anionic
sites, very little sulfur, perhaps on the order of a few mole percent, is necessary to cause the
transition to blue sodalite or hackmanite.  Sodalite analyses from CURRIE ET AL. (1986), TICE
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(1995), and this study were nearly sulfur-free.  Low-S sodalite, however, doesn’t necessarily
indicate low-S or high-Cl brines, although there most certainly were brines.  The lack of S in
sodalite is due to scavenging by chalcophile elements, as revealed by the abundance of
microsulfides.
Subtleties of sulfur chemistry aside, a common thread runs through each of these
alteration processes, reaction of a sodium chloride-rich fluid with nepheline to form sodalite.
Such reactions cause a greater proportional reduction in Cl content in the fluid than Na, thus
increasing the Na/Cl ratio.  An increase in Na/Cl results in a concomitant increase in pH due to
an increase in the concentration of NaOH in the fluid. (Markl & Baumgartner 2002)
Nepheline → Cancrinite
Some nepheline in the nepheline melasyenite, as well as a very little in the nepheline
leucosyenite, also altered to cancrinite:
6 NaAlSiO4 + 2 Ca2+ + 2 23CO ↔ Na6Ca2Al6Si6O24(CO3)2
Petrography and other mineral reactions suggest that the cancrinite reaction was subsequent to
the sodalite reaction, reflecting a change in fluid chemistry.
Sodalite → Natrolite
Following conversion of nepheline to sodalite, some of this secondary sodalite was
affected by hydrothermal fluids.  White reaction rims of natrolite appear on pristine sodalite
cores, along fractures, and lining cavities in sodalite pseudomorphs; some crystals are complete
pseudomorphs of natrolite after sodalite.  This is according to the following reaction:
Na8Al6Si6O24Cl2 + 3 H4SiO4 ↔ 3 Na2Al2Si3O10 · 2 H2O + 2 Na+ + 2 Cl-
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The formation of natrolite at the expense of sodalite or nepheline is favored by acidic conditions
or by an increase in
2SiOa in hydrothermal fluids. (Eitel 1964; Seyfried & Janecky 1985) Since
the chlorination reaction that forms sodalite resulted in a decrease in the acidity of the alkaline
fluids, natrolite crystallization probably indicates an increase in silica.
Natrolite → Dawsonite & Late Carbonates
Natrolite was followed by dawsonite in the sodalite pseudomorph reaction zones,
according to the reaction:
Na2Al2Si3O10 · 2 H2O + 2 H2CO3 + 4 H2O ↔ 2 NaAl(CO3)(OH)2 + 3 H4SiO4
As with the sodalite to natrolite reaction, the previous reactant is expelled; there, chloride
exchanged for silica and, here, silica for carbonate. As the fluid chemistry changed, it became
depleted in the earlier substance and enriched in the new.  This favored partial dissolution of the
last mineral formed and deposition of a new phase.
The increase in fluid carbonate concentration is also reflected in the crystallization of
siderite within voids in the sodalite-natrolite-dawsonite reaction zones and the crystallization of
rhodochrosite in miarolitic cavities and the annite lamprophyre. Crystallization of rhodochrosite
may also indicate the development of more reducing conditions in the fluids.  Under these
circumstances, control of Mn mineralization shifts from increasingly soluble sulfides to
carbonates.  Iron sulfides are not so affected, however; so, the appearance of siderite must be due
to increased carbonate activity. (Maynard 2003)
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Zirconosilicate Mineralization
The East Hill suite is characterized by relatively abundant late-stage zirconosilicate
mineralization, from the eudialyte syenite through the annite lamprophyre. Summarizing the
previous discussion of zirconosilicate crystallization, Zr remained variably soluble in the melt as
crystallization of the suite proceeded.  The lack of Cl-bearing phases early in the East Hill suite
increased the Cl content of the system, contributing to the decrease in the solubility of Zr (Marr
et al. 1998) and promoting zirconosilicate mineralization.  Alkali halide complexes probably
played a role in this process, as well as in the nepheline-sodalite paragenesis. Nearly all East
Hill sodalite, is subsolidus, secondary after nepheline, which means that the Cl was isolated until
late in the crystallization history.
Melilite Alteration
The lamprophyre in the East Hill suite resembles an alnøite in all important respects
except for the groundmass.  The annite lamprophyre exhibits a natrolite-calcite groundmass,
whereas alnøite sensu stricto is characterized by a melilite groundmass.  Reaction of a silica- and
carbonate-enriched fluid with melilite allows for the development of a natrolite-calcite
assemblage according to the reaction:
Ca2Al2SiO7 + 2 H4SiO4 + Na2CO3 + H2CO3 ↔ Na2Al2Si3O10 · 2 H2O + 2 CaCO3 + 3 H2O
Later stages of fluid evolution in the East Hill suite were marked by a transition from silica to
carbonate chemistry.  It is possible that the annite lamprophyre was originally an alnøite that
took on its current assemblage due to alkaline fluid alteration.
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CONCLUSIONS
The East Hill suite comprises a series of miaskitic and agpaitic syenites that are
genetically related by fractionation, as well as a lamprophyric unit that may represent its own
pulse of magma. The first lithology to crystallize, the nepheline melasyenite, does not represent
a substantial departure from the gabbroic rocks of the two precedent suites at Mont Saint-Hilaire
and is rather primitive in comparison to the remaining rock types. Most lithologies are not
especially silica-deficient; rather, they derive their typical alkaline mineralogy from high alkali
content.  The whole-rock alkaline profile of the suite was altered by the action of late-stage, Na-
rich fluids that reversed more potassic unaltered chemistries, resulting in strongly Na-rich rocks.
Due to their high nepheline content, the nepheline leucosyenites were startlingly enriched in
alkalis even prior to the influence of these fluids. Whole-rock trace element geochemistry is
dominated by Zr, Ce, and Y; however remarkable enrichments in Zn highlight a general
enrichment in several chalcophile elements, notably Pb.  Chlorine content is elevated, and so,
too, is that of sulfur.
The mineralogy of the East Hill suite is characterized by transitions from calcium- to
sodium-rich analogues of amphiboles, pyroxenes, titanosilicates, and zirconosilicates.  Opaque
minerals grade somewhat suddenly from an early oxide-dominant assemblage to a diffuse but
pervasive presence of microsulfides throughout the remainder of the suite.  Carbonates and
sulfates became important closer to the end of crystallization.
Amphibole, iron-titanium oxide, titanite, and annite geochemistry outline a more
complex oxygen fugacity history than previously recognized.  The East Hill suite began
crystallizing above the QFM buffer, precipitously fell below QFM and skirted MW before not
only emerging above QFM but also above HM at the end of crystallization.  Notably, this curve
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represents a continuous decline in oxygen fugacity, which contradicts both intuition and previous
suggestions that the rising dominance of aegirine was due to oxidation of pyroxene ferrous iron
due to increasing oxygen fugacity.  On the contrary, the rise of aegirine is a consequence of the
increasing alkalinity of the melt.  Unlike oxygen fugacity, sulfur fugacity initially rose before
favorable oxidation conditions contributed to widespread microsulfide crystallization, which then
drove a decline in sulfur fugacity with cooling.
Evidence suggests that previous statements regarding the presence of a NaCl-rich brine at
Mont Saint-Hilaire are correct to the extent that they were present; however, the action of these
brines has been shown to be quite different.  Rather than being assimilated wholesale by the
intruding magma and generating primary sodalite, chloride was isolated, probably as melt
complexes, and only allowed to become reactive in the system in late-stage fluids that
extensively altered nepheline to sodalite.  These fluids exhibited systematic changes in
chemistry, proceeding from chloride-rich, to silica- and then carbonate-rich, and left their mark
on the suite in the form of numerous successions of and individual secondary phases.
Two issues have been avoided in this study, petrogenesis of the East Hill suite magma
and the source of the alkaline fluids.  These are neither settled questions nor are they
unimportant; rather, they are beyond the scope of this work. They are, in particular, very
important questions, and there has been no shortage of speculation and research on either subject.
This study has revealed new information about the geochemistry of the East Hill suite magma
and alkaline fluids that may help address the origins of this fascinating complex.
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